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Fabricating nickel micro heat exchangers directly on planar or non-planar metal 
surfaces has been demonstrated using the LIGA micromachining process. These heat 
exchangers can effectively control the temperature of surfaces in high heat flux 
applications. Of particular interest is the temperature control of gas turbine engine 
components. The locations in the gas turbine engine where improved, efficient cooling is 
required includes gas turbine blades, stator vanes, the turbine disk, and the combustor 
liner. In this dissertation, the primary application of interest is the use of such heat 
exchangers to cool airfoils such as turbine blades. In the first part of the study, the 
manufacturing and testing procedures of a flat configuration parallel plate micro pin fin 
heat exchanger are described. The pin fin array geometry investigated is staggered, with 
pin diameters of 500 µm, height to diameter ratios of 1.0 and spacing to diameter ratios of 
2.5. Pressure loss and heat transfer experimental results for 4,000≤Re≤20,000 are 
reported and a Nu-Re correlation is provided. Favorable comparisons with studies on 
similar pin fin patterns tested at a larger scale are revealed. The flat micro pin fin heat 
exchanger performance is concluded to always exceed the parallel plate (smooth channel) 
counterpart by a factor of 1.35 to 1.78 in the Reynolds number range studied. An analytic 
model based on these experimental results is described and used to make predictions for 
cooling effectiveness values attaining 0.72 in a gas turbine blade cooling application. In 
the second part of the study, the feasibility to fabricate a micro pin fin heat exchanger on 
a simple airfoil, with a leading edge approximated by a cylinder, is demonstrated. The 
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corresponding pin fin array geometry used is in-line, with pin diameters of 200 µm, 
height to diameter ratios of 2.5 and spacing to diameter ratios of 5. Heat transfer tests 
performed in a high temperature rig at gas Reynolds numbers near 10,000 are reported. 
Cooling effectiveness values ranging from 0.70 to 0.88 are obtained for coolant to 
mainstream gas mass ratios from 1% to 4 % and coolant to mainstream gas temperature 







CHAPTER 1 : INTRODUCTION 
1.1 Background 
Improving the performance of gas turbine systems has been achieved by 
increasing the turbine rotor inlet gas temperatures and pressures. Associated with this is 
an increased heat load on the turbine components. Operating temperatures are now 
reported at 2500°F (1350°C) [ 16], which is above the maximum allowable blade metal 
temperature of modern superalloys. 
Therefore gas turbine designers have invested their efforts into two parallel 
research approaches. The first is the improvement in blade materials by the development 
of new alloys (superalloys) capable of withstanding higher temperatures and by 
development of thermal barrier coatings. The current state-of-the-art superalloy turbine 
surface temperatures are near 2100°F (1150°C) [ 12]. The other aspect of on-going 
research, which is the primary interest of the present study, is the development of more 
effective cooling techniques aimed at decreasing the average temperature of metal and 
maintain acceptable blade life and durability. 
While the major goal of the turbine-cooling designer is to keep at metal at the 
lowest temperature possible, the following issues are of major concern: I) Minimal use of 
compressed coolant in order to reduce the penalty to the overall engine cycle [ 41]; II) A 
uniform airfoil temperature distribution in order to minimize internal thermal stresses, 
unfavorable factor to blade life span. 
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Consequently, different types of successful cooling schemes allowing the blade to 
withstand actual turbine operating temperatures have been developed. 
Convective cooling and film cooling are the two major configurations in use. In 
the case of convective cooling, the temperature of the blade is decreased by the sole use 
of an internal coolant flow. The heat from the blade is passed to the coolant as it flows 
through intricate passages within the airfoil. For this cooling configuration, heat transfer 
can be augmented with devices such as ribs, pimples, pedestals and impingement jets [ 
17]. As for film cooling, the method consists in injecting cool compressed air over the 
outer surface of the blade though holes or slots, which supplies a protective layer of cool 
fluid between the blade surface and the hot gases [ 44]. As depicted in Figure 1-1, the 
coolant supplied for film cooling is drawn from the blade internal cooling passages [ 43]. 
Therefore, this cooling method is actually a combination of external and internal 
(convective) cooling. 
Cooling techniques, preferably internal, can be also combined with the use of 
thermal barrier coating materials applied to the surface of the blade, which can reduce the 
amount of coolant by a factor up to 8 according to many references on thermal barrier 
coatings [ 17]. 
In order to quantify the performance of a cooling scheme, the following figure of 































In Equation 1-1, TG is the temperature of the hot gases flowing across the blade, 
TW is the blade outer surface temperature and TC is the inlet temperature of the 
compressed coolant. It appears that ε can range from 0, which is the worst cooling 
scheme situation when TW=TG, to 1.0, which is the best possible scenario when TW=TC. 
In advanced gas turbine engines, the typical value for the overall cooling effectiveness 
ranges from 0.3 to 0.7 [ 33] . Important factors influencing the cooling effectiveness are 
the coolant-to-hot mainstream temperature ratio TC/TG (associated with the coolant-to-hot 
mainstream density ratio), the pressure ratio PC/PG (associated with the mass flux ratio 
which is also called blowing ratio) and the geometry of the cooling scheme [ 16]. 
The counterpart to the increase of heat transfer associated with increasing 
complexity of internal cooling schemes is an augmentation in friction losses. This penalty 
has to be included in the assessment of the performance. Therefore, an overall thermal 








Nu and f are respectively average values of the Nusselt number and friction factor 
of the cooling scheme studied. The values with the subscripts are associated with a 
reference case, which can be the smooth channel configuration. Values of η greater than 
1.0 mean that the geometry studied has a better performance than the reference geometry. 
Companies such as Allison Advanced Development Company (AADC) and 
General Electric (GE) have studied advanced airfoil fabrication techniques in order to 
improve cooling efficiencies. 
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In the 1960’s AADC introduced an airfoil fabrication process based on the use of 
Lamilloy. As shown in Figure 1-2, this composite material is an assembly of stacked 
porous sheets, which is subsequently shaped to the airfoil geometry and welded. 
Transpiration cooling allows removing the heat from the blade. Over the years, 
Lamilloy has successfully been used to manufacture exhaust nozzle liners, engine 
exhaust liners and several generations of airfoils. 
In 1995, GE presented an unconventional airfoil fabrication process permitting 
the use of a “double wall” advanced cooling concept [ 12], [ 13].  This scheme, claimed 
to provide 15-25% reductions in cooling airfoil requirements without a rise in surface 
temperature, is produced using EBPVD (electron beam physical vapor deposition). This 
method allows the accurate positioning of cooling channels with respect to the wall of the 
blade. An engine turbine blade produced using this method is depicted in Figure 1-3. 
Another major advantage is the possibility to make each wall of the double walled airfoil 
with a different alloy chosen according to their respective heat load. 
The “double-wall” concept introduced by G.E. and Lamilloy introduced by 
AADC have been the inspiration of a research effort using LIGA micro machining 
techniques at Louisiana State University among the MEMS (Micro Electro Mechanical 
Systems) researchers. Some studies in MEMS at LSU have shown since 1997 the 
possible use of modified LIGA processes to manufacture microstructural devices able to 
enhance heat transfer on planar and non-planar surfaces in different applications [ 37], [ 
38]. In particular, it was proved that pure Nickel cylindrical microstructures (or micro 
posts) with heights of 500 µm and diameters of 200 µm could be electroformed on the 




























The average heat transfer coefficient on such a surface was augmented by 40% at 
Reynolds numbers neighboring 1100. Some work done later at L.S.U. [ 10] showed that 
it was possible to electroform a 800 µm thick shroud supported by a 500 µm high and 
200 µm diameter field of micro posts on the surface of a flat plate. In many references [ 
6],[ 7],[ 8],[ 9],[ 34],[ 39],[ 40],[ 42],[ 46], it appears that the presence of a pin fins array 
in a channel has the ability to enhance heat transfer greatly. That concept is already used 
in the internal cooling channel present in the trailing edge of some turbine blades. The 
reasons why fins enhance heat transfer are numerous: I) their presence increases the 
wetted surface area available to heat transfer; II) they promote higher turbulence levels 
by breaking up boundary layers which causes mixing and creates higher convective heat 
transfer coefficients; III) the wetted surface area associated with the fins (where the flow 
configuration is typically referred as “cylinder in cross-flow” by Zhukauskas [ 49]) is 
characterized by high convective heat transfer coefficients associated with the cylinder in 
cross flow configuration. 
The interest of this study is naturally to use modified LIGA techniques to build a 
micro heat exchanger (a shroud supported by micro pin fins) around a cylinder, where the 
flow conditions simulate those taking place at the leading edge region of a turbine blade. 
Such a heat exchanger could be an alternative to the existing techniques in use for turbine 
blade cooling. 
1.2 Literature Review 
The purpose of this literature survey is to find research information related to the 
context of present study. 
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There are several references that deal with quantifying heat transfer and/or 
pressure drop across arrays of circular pin fins. Since the early 80’s, a lot of conducted 
research has been motivated by the fact that banks of pin fins are used in the internal 
cooling channels at the trailing edge of turbine blades. In that case, pin fin height to 
diameter ratios (h/d) are usually on the order of unity due to manufacturing constraints of 
internally cooling turbine blades [ 34]. Major fundamental research studying geometrical 
parameters was conducted by authors such as Zhukauskas [ 49], Van Fossen [ 46], 
Metzer [ 39],[ 40] and Chyu [ 7],[ 8],[ 9]. Important geometrical parameters are: 
• Pin height to diameter ratio: a study from Armstrong and Winnstanley (1987) stated 
that short pins fin arrays (h/d≈1) generally produce lower heat transfer than their 
long-cylinder counterparts (“cylinder in cross-flow”). 
• Array orientation (in-line or staggered): Chyu’s 1990 [ 7] and 1999 [ 8] work 
showed that overall heat transfer coefficients were 10 to 20% higher at Re greater 
than 20,000 for staggered than in-line arrangements. However in-line arrays 
produce less pressure drop than staggered arrays. Both configurations provide 
higher heat transfer and pressure drop compared to a simple channel. 
• Effect of fin shape: It was found by Chyu et al. (1996) that cubic or diamond-shaped 
pin elements are more effective for heat transfer than circular pins. It is explained 
that sharp edges induce excessive vortex shedding and higher turbulence mixing 




• Effect of lateral flow ejection in pin fin channels. Lau [ 34] found that the Nusselt 
number increases with Reynolds number and decreases with as the ejection ratio 
increases. Friction factor has a strong dependence on ejection ratio. 
• Effect of gap atop an array of fins (or partial length pin fins): Chyu [ 9] found that 
relatively low gap gives average heat transfer coefficient comparable to no gap 
configuration.  Arora 1990 [ 2] found that the friction factor decreases with 
increasing clearance. 
• Effect of channel convergence: Brigham 1984 [ 6] found that constant width 
channel configurations have lower Nusselt numbers than constant height channels. 
The effect is due to the change in pin fin length. In that study flow acceleration was 
found to have a negligible effect. 
Research studies on pin fins have predominantly focused on staggered arrays with 
height to diameter ratios close to 1.0, spacing to diameter ratios lower than 2.5, rows 
numbers less than 10 and pin diameters usually greater than 5 mm. Boundary conditions 
are most of the time isothermal on both endwalls. 
In order to compare and validate the results of the present study, a micro pin fin 
heat exchanger will be made with a similar pattern and design as pin fin heat exchanger 
which results have been reported by other authors, but with significantly smaller scale. 
In all the publications, the pin length to diameter ratio is within a range where the 
plates (or endwalls) influence heat transfer over the pins, and vice-versa. In Chyu’s work 
in 1990 [ 7] , it is mentioned that for cylinder arrays were h/d is of the order of unity, the 
interaction cylinder-endwall is strong. As opposed to the case with long cylinders were 
endwall effects are almost non-existent and where the heat transfer on the cylinder 
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surface dominates. Chyu describes that for crossflow over a perfectly straight cylinder, 
the flow characteristic near the cylinder-endwall junction is dominated by a horseshoe 
vortex, which produces high levels of turbulence resulting in high heat transfer in the 
region. In 1999 Chyu concluded that the convection heat transfer coefficient at the 
endwall-fluid interface is only about 10 to 20 % less than the values at the post-fluid 
interface and much greater, by a scale factor of about 4, than would exist if the posts were 
not present (in the case of parallel plates) for Reynolds numbers (based on maximal 
velocity and pin fin diameter) from 5,000 to 25,000. 
No studies have provided any mathematical model explaining the physics of heat 
transfer or friction losses. This is due to the fact that for cylinder arrays were h/d is of the 
order of unity, the interaction between cylinder and endwall is very strong [ 7] making 
reliable analytical or numerical models for pin fin heat exchangers inexistent. All studies 
conducted present empirical heat transfer results (using the least-squares method) by 
curve fitting to correlations such as: 
BANu RePr/ 4.0 ⋅=  
Equation 1-3 
Key conclusions from the survey are as follows: 
• Geometry is a crucial parameter for heat transfer and friction factors. 
• Mathematical models for heat transfer or friction drag have not been developed yet 
for micro pin fin exchangers 
• Heat transfer models are usually empirically correlated in a specific format 




• No heat exchangers with pin fin diameters lower than 1.0 mm [ 42] has been 
produced so far 
• Some of the studies in the literature can be used as a source of comparison with the 
present study. 
1.3 Research Goals 
The motivation to manufacture a LIGA based heat exchanger for a turbine blade 
comes from: I) Our experience with the LIGA process; II) The knowledge of the fact that 
arrays of pin fins (such as the ones described in the previous section) can be very 
effective for heat transfer; III) The LIGA technology has, according to the literature 
survey, never been used before in this type of application; IV) Our interest to improve 
existing cooling schemes used for turbine blades. 
The goals of the present doctoral research are proposed as follows: 
• Manufacture and test a flat micro heat exchanger with a staggered array of pin fins 
in order to measure the overall thermal performance with respect to the Reynolds 
number of the coolant. The reference case is the flow through a parallel plate heat 
exchanger without pin fins. Those preliminary results can demonstrate the expected 
benefits of the micro heat exchanger. 
• Customize the pin fin heat exchanger to fit the shape of a cylinder where the flow 
conditions approximate those at the leading edge of a turbine blade. The 
performance versus the Reynolds number is determined. The micro heat exchanger 




To accomplish the first of these goals, a simple 5 cm x 5 cm flat channel heat 
exchanger with a staggered array of micro pin fins 500 µm high, 500 µm diameter and 
1250 µm apart in both directions was made using a modified LIGA process. This pure 
Nickel heat exchanger was tested using an apparatus allowing a uniform heat flux on the 
top plate and a coolant flow between the plates. A similar experiment with a smooth 
channel (parallel plates with a gap of 500 µm and no micro pin fins) was also performed 
in order to validate the testing apparatus and also to provide a reference case for the 
calculation of the overall thermal performance. In both cases, using air as a coolant, the 
temperature of the top plate (at constant heat flux) and the pressure drop (at no heat flux) 
were determined for different ranges of coolant mass flow rates. The overall Nusselt 
number and the friction factor as a function of the Reynolds number are provided and 
compared to similar studies conducted by other authors. By using a heat transfer model 
and by processing the results of this experiment, the performance of this cooling scheme 
was determined as a function of the Reynolds number. 
To satisfy the second goal, a new modified LIGA technique was developed to 
build a shroud around a ¾ inch tube. The shroud is supported by an in-line array of micro 
pin fins 500 µm high, 200 µm diameter and 1000 µm apart in both directions. A testing 
facility was built to quantify the performance of this heat exchanger. In the testing 
procedure, the heat exchanger is exposed to burner rig high temperature gases while 
internal cooling airflow is provided. The temperatures of the tube, the shroud, the coolant 
and the mainstream gases were recorded for varying mass flow rates of coolant and 
varying temperature of hot combustion gases. The cooling effectiveness of this heat 
exchanger versus coolant-to-hot mainstream mass flow rate ratio and versus coolant-to-
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hot mainstream temperature ratio is determined and compared to values associated with 
other turbine blade cooling schemes. 
The outline of this dissertation is given as follows: Chapter 2 describes the 
manufacturing process of the flat metal micro heat exchanger while Chapter 3 focuses on 
the experimental study of this heat exchanger. Chapter 4 reports the manufacturing 
method of the tube heat exchanger whereas Chapter 5 deals with the corresponding 
experimental study. Chapter 6 provides a conclusion for this doctoral study and 







CHAPTER 2 : FABRICATION OF THE FLAT METAL 
MICRO HEAT EXCHANGER 
Performance tests of a flat heat exchanger such as the one described in the 
introduction require the manufacturing of an array of micro posts connecting two parallel 
plates. The process permitting the fabrication of the heat exchanger uses a modified 
LIGA technique developed at LSU. This fabrication process is presented in this chapter. 
2.1 Design Specifications 
The desired heat exchanger configuration is as depicted in Figure 2-1. A uniform 
heat flux is applied to the upper surface of the heat exchanger. An adiabatic boundary 
condition characterizes the lower surface. In the case of the pin fin heat exchanger, an 
array of micro posts is used to separate the parallel plates. For the comparative heat 
transfer case involving parallel plates without pin fins, five shims located at the corners 
and at the center of the heat exchanger are used as spacers. In both cases, the coolant with 
fully developed flow conditions is injected between the upper and lower plates. 
As mentioned in the introduction, in order to compare and validate the results of 
the present study, the pin fin array configuration chosen here is characterized by 
geometric parameters similar to the values most researched and reported in the literature [ 
7],[ 8],[ 34],[ 39],[ 40]. Typically the pin arrays are staggered with height to diameter 
ratios close of 1.0, spacing to diameter ratios of 2.5 in both streamwise and spanwise 



















Figure 2-1: Flat metal micro heat exchanger flow configuration. 
 
 




Micro Pin Fins 
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• Array arrangement: staggered 
• Pin diameter: 500 µm 
• Pin height: 500 µm 
• Streamwise pin center-to-center spacing: 1250 µm 
• Spanwise pin center-to-center spacing: 1250 µm 
Limitations inherent to the X-ray exposure facility at the time manufacturing was 
performed, dictated that the lateral dimensions of the array be set to 5 cm (2 inches) in 
both streamwise and spanwise directions. Arbitrarily the upper plate and lower plate 
thickness were set respectively to 2.54 mm (0.1 inch) and 3.18 mm (1/8 inch). 
Due to the manufacturing method used, the pin array and the top plate are a 
continuous metal part made of pure electroplated Nickel. The choice of Nickel as 
electroplated material is justified not only by its excellent mechanical and corrosion 
properties but also by the author’s competence in Nickel electroplating. However, the 
upper plate used for the heat exchanger without fins is made of stainless steel 316. In 
both cases, with or without pins, the lower plate is made of stainless steel 316. 
The following sections describe the manufacturing process that allowed creating 
the heat exchangers. 
2.2 Overview of the Conventional LIGA Process 
LIGA stands for X-ray LIthography, electroforming (German: Galvanoformung), 
and molding (German: Abformung). As explained in reference [ 37], this technology, as 
used at Louisiana State University (LSU), is based on bonding a sheet of poly(methyl 
methacrylate) (PMMA) resist to a conductive substrate [ 4],[ 5],[ 15], [ 36]. The thickness 





















Step 4: Mold insert
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The PMMA-substrate laminate is first positioned behind a mask, and then 
exposed to a collimated synchrotron X-ray beam as shown in Step 1 of Figure 2-2. The 
molecular weight of the PMMA decreases in the irradiated areas as a result of exposure. 
After the PMMA sheet is exposed to the proper radiation dose, it is immersed in a 
developer, which selectively dissolves the irradiated areas with low molecular weights 
(Step 2 of Figure 2-2). 
The resulting PMMA template is used to electroplate microstructures on the 
substrate as depicted in Step 3 of Figure 2-2. After removal of the PMMA, the metal 
microstructures may represent the final product (Step 4 of Figure 2-2). Otherwise, they 
may serve as a mold that can be inserted into an injection molding machine to repeatedly 
reproduce a secondary polymer template with a geometry identical to the primary PMMA 
template (Step 5 of Figure 2-2). 
2.3 Manufacturing Procedure (Modified LIGA) 
The traditional LIGA micro machining process described in Section 2.2 was 
modified in order to fabricate the micro heat exchanger. The modified version is 
summarized in Figure 2-3.  A description of SU-8 photo resist, used to replace PMMA, 
and the manufacturing procedure steps followed to create the final product are presented 
in the following sub-sections. 
2.3.1 The Benefits of SU-8 Resist Versus PMMA for LIGA 
PMMA has been the most commonly used photo resist for deep X-ray 
lithography. It allows replicating microstructures with superior quality with respect to 
accuracy and sidewall roughness. Nevertheless, PMMA is very insensitive to X-rays 
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since the minimum exposure dose needed for proper development is high, which suggests 
that PMMA is a not a good candidate for rapid prototyping. 
During the past two years, SU-8 resist (available commercially from MicroChem 
Corp. [ 24]), originally designed for UV exposure, has been proven to have comparable 
accuracy to PMMA for deep X-ray lithography. The main advantage of SU-8 resist is its 
relatively high sensitivity to X-ray radiation. SU-8 differs from PMMA by the fact that 
sufficient exposure generates internal cross-linking which makes the resist insoluble into 
SU-8 solvents. Therefore SU-8 is called a negative tone resist whereas PMMA is called a 
positive tone resist. 
Some recent research published by CAMD researchers [ 29] has allowed 
characteristic doses of SU-8 X-ray exposure to be available in the literature. Table 2-1 
shows a comparison between SU-8 and PMMA.  The minimum dose that completes the 
cross-linking reaction so that SU-8 withstands the development is 20 J/cm3. The 
minimum dose needed to completely dissolve PMMA in developer is 3500 J/cm3, which 
is 175 times greater. Consequently the use of SU-8 permits the exposure time to be 
divided by a factor of 175. Another advantage of SU-8 is that the damaging dose to 
development dose ratio for SU-8 is over 500 and only 5.7 for PMMA. Therefore reaching 
the damaging dose is a greater concern when using PMMA than it is when using SU-8. 
However, choosing SU-8 resist versus PMMA brings two major drawbacks. The 
first is related to handling SU-8 coated substrates. Uncontrolled exposure from the 
illuminating light has to be completely avoided due to the high sensitivity of the resist [ 
29]. The second, according to Table 2-1, is that the threshold dose value above which 
SU-8 becomes insoluble is as low as 0.05 J/cm3. In practice, the surface of the resist 
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located under the absorber layer of the X-Ray mask should never exceed the threshold 
dose value. Therefore, this value is a very important parameter in designing an X-ray 
mask for SU-8 exposure and dictates the minimal thickness of absorber layer (gold is the 
metal used in our case). 
 
Table 2-1: Comparison of characteristic dose values of SU-8 and PMMA resist [ 29] 
Resist PMMA SU-8 
Damage dose (J/cm3) 20,000  >10,000 
Development dose (J/cm3) 3,500 20 
Threshold dose (J/cm3) 100 0.05 
 
2.3.2 X-ray Mask for SU-8 Exposure 
Fabrication of an X-ray mask requires knowledge of the resist tone used in the 
subsequent LIGA steps. The choice being SU-8, a negative resist, the geometry of the 
absorber located on the X-ray mask should be an array of 500 µm disks (if the choice 
were PMMA, the mask would feature the complementary shape, an array of 500 µm 
holes). In addition, four “L” shaped markers are incorporated at each corner of the square 
pattern of micro disks. The markers will serve as a reference in positioning the 
electroplated sample during the final machining step and will be removed during that 
process. 
X-ray masks are produced using UV lithography of a photoresist coated graphite 
membrane. Consequently, the process requires the fabrication of a UV mask for exposing 
the resist coated graphite. Since the photoresist used is a negative tone, the UV mask 
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absorber features are 500 µm absorber disks. Gold electroplating is subsequently 
performed inside the developed micropatterns. 
The next subsections provide a description of the manufacturing stages. 
2.3.2.1 Generation of a CAD Drawing for the Pattern Generator 
A CAD drawing containing all the geometric coordinates of the micro patterns is 
created on AutoCAD. The drawing is the input to a software controlling a pattern 
generator. A pattern generator is a machine only capable of “flashing” UV light with 
rectangular patterns of limited dimension (4 µm x 4 µm minimum) and orientation onto a 
photosensitive plate [ 1]. The rectangles must title the desired shape. Even though 
overlapping is allowed, as few rectangles as possible should be used to minimize 
processing time. The 500 µm disks have been approximated by rotating 8 times, with 
respect to their center, rectangles with lateral dimensions of 98 µm x 490 µm. A copy of 
the AutoCAD drawing created and a detailed view of a micro disk approximated by 
overlapping rectangles are provided in Appendix A. 
2.3.2.2 UV Photomask Manufacturing 
The wafer used for making the UV photomask is as a 0.09 inch thick and 5 inch 
square soda lime glass plate, coated with a 1000 Ǻ low reflective chrome layer and 
covered with 1 µm thick negative resist coating. Typically, exposure of the wafer is 
carried by the GCA Mann 3600 pattern generator available at CAMD. After development 
of the unexposed resist, the wafer is immersed in a chrome etching solution which goal is 
to remove the chrome uncovered by the previous development process. 
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Due to a UV lamp intensity calibration problem on the CAMD pattern generator, 
the quality of produced samples was unsatisfactory. Therefore, the photomask was 
created by LSI Photomask, a specialized company [ 21]. 
2.3.2.3 X-Ray Mask Substrate Preparation 
The X-ray mask substrate is a laminate successively composed of a 4.5 inch 
diameter glass plate, a 200 µm thick round graphite sheet (available from the company 
Poco Graphite Inc. [ 25]), and 55 µm layer of SU-8 2025 resist. First, the graphite is 
bonded to a clean glass plate using SJR5740 spun coated 40 seconds at 3000 RPM. 
Baking 30 minutes at 95ºC is carried out after ramping the temperature from 60ºC and is 
followed by ramping the temperature down to 60ºC. Then the graphite is polished 
successively with 400, 600 and 800 grit polishing disks, cleaned with isopropyl alcohol 
and dehydrated 30 minutes in an oven at 100ºC. Finally, SU-8 2025 is spun-coated onto 
the graphite at 1000 RPM for 20 seconds and baked 30 minutes at 95ºC (by following the 
temperature ramping procedure described earlier). The 55 µm thick layer of SU-8 resist 
corresponds to the maximal thickness of gold absorber. 
2.3.2.4 UV Exposure and Development 
The ORIEL UV exposure station located at CAMD, which provides a wavelength 
range from 220 to 450 nm, is used as a UV light source. Prior to clamping the 
manufactured UV photomask plate (described earlier) and the SU-8 coated wafer 
together, a few drops of glycerin are inserted to fill the gap between them. The presence 
of glycerin ensures that air, which would cause diffraction of UV light, is completely 
removed. The SU-8 coated wafer is then exposed to UV with a dose of 400 mJ/cm2 
(value indicated by MicroChem Corp.) which corresponds to a 16 second long exposure 
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at a UV light intensity of 25 mW/cm2. Baking for 10 minutes at 95ºC by ramping the 
temperature if followed by development in SU-8 developer for 5 minutes and a careful 
rinsing procedure. Additional details concerning SU-8 processing will be provided in 
Section 2.3.4. 
2.3.2.5 Gold Electroplating and Finalization 
The 55 µm deep cavities created by the previous exposure and development are 
partially filled with gold by electroplating in Techni Gold 25E (a ready to use gold 
plating solution available from Technic Inc.).  Pulse current electroplating is performed 
with the conditions given in Table 2-2, at a plating rate of approximately 3 to 4 µm per 
hour. A thickness of gold ranging from 33 to 40 µm was produced by 9 hours of 
electroplating. Immersion in acetone is used to debond the gold plated graphite from the 
4.5 inch glass plate.  
Using JB weld glue, the graphite sheet is finally mounted and attached to an 
aluminum ring, producing an X-ray mask with dimensions compatible with the CAMD 
X-Ray exposure beamlines. 
 
Table 2-2: Gold electroplating conditions. 





45°C 6.0 Medium 100 ms ON  100 ms OFF 2 mA/cm
2 Negative Galvanostatic 
 
2.3.3 Substrate Preparation 
The substrate is the conductive material onto which Nickel parts are 
electroformed. The thickness and diameters of the substrate are respectively 0.25 inch 
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and 4.5 inch. The material used is stainless steel 316, a relatively inexpensive metal. 
Manufacturing costs are also kept minimal by the fact that the Nickel parts are released 
from the substrate at the end of the process which allows recycling the stainless steel. 
The two criteria needed for preparing the substrate are the following: 
1. The bond between the Nickel parts and the substrate has to be strong enough to 
prevent internal stresses built into the growing metal from detaching the Nickel 
from the stainless steel substrate. Increasing the surface roughness by sandblasting 
can contribute to this condition. 
2. At the same time, the bond between the Nickel parts and the substrate needs to be 
weak enough for the Nickel parts to be released easily from the substrate at the end 
of the process. This means that the use of a Wood Strike bath, which typically 
insures a strong bond between Nickel and stainless steel, is not advisable in this 
case. 
In order to fulfill the two conditions above, the following procedure has been 
established: 
• Surface grind both sides of the substrate (to ensure flatness) 
• Sandblast the surface of interest (in order to increase roughness) 
• Soak in ultrasonic bath with diluted detergent (for soil removal) 
• Rinse successively with tap water, de-ionized water, acetone, de-ionized water and  
isopropyl alcohol  
• Dehydrate the sample 30 minutes in a convection oven at 80ºC. 
The prepared substrate is placed in a protective container until the SU-8 casting 
step is started. 
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2.3.4 SU-8 Casting  
Prior to X-ray exposure, the resist is bonded onto the surface of the substrate in a 
UV filtered light environment. SU-8 resist can be purchased from MicroChem Corp. [ 
24]  among a choice of solutions with different viscosities depending on the desired spun-
coated film thickness. Once SU-8 is applied onto the substrate, a pre-baking step is 
required to evaporate the solvents and turn the resist into a solid (step 1, Figure 2-3). 
The desired thickness of SU-8 resist is 500 µm which corresponds to the height of 
the microstructures. Typically, SU-8 samples with a thickness lower than 800 µm can be 
created by single or multiple spin-coating [ 29]. However, due to the weight of the 
stainless steel substrate, spin-coating cannot be considered. A SU-8 casting apparatus 
which allows producing samples attaining thickness values neighboring 3000 µm has 
been manufactured. The apparatus permits the use of heavy substrates and simplifies 
multiple spin-coating procedures into a one step process. 
The casting apparatus showed in Figure 2-4 is utilized as follows. A 1 cm thick, 
10 cm in diameter PVC ring and the prepared stainless steel substrate are clamped 
between two aluminum plates. The upper plate has a 3.5 cm diameter through hole. The 
lower plate is anchored to an aluminum block in which a cartridge heater and a 
thermocouple haves been imbedded. A temperature controller connected to the cartridge 
heater and the thermocouple maintains the temperature of the aluminum block constant. 
Once the temperature displayed by the controller attains the programmed value of 
105ºC, an excess amount of NANO™ SU-8 2075 photo resist is poured onto the middle 
of the stainless steel plate. A protective glass cover is placed and remained onto the top 

























Figure 2-4: SU-8 casting apparatus 
X-ray radiation 
Step 2: X−Ray Exposure 
Step 3: Post−Baking & Development  
Step 5: Over−plating 
Step 6: Machining & Pyrolysis 














Subsequently, the SU-8 coated stainless steel substrate is disassembled from the 
casting apparatus and separated from the PVC ring. 
The final step of SU-8 casting consists in reducing the thickness of the post baked 
SU-8 to the desired value. Two options are possible: 
1. Use the CAMD fly cutting machine. 
2. Using the Mezzo Systems, Inc. machine shop which lathe or CNC milling machine 
can be set up for thinning SU-8 coated samples [ 23]. 
In the fabrication of the pin fin heat exchanger, the second option was used and 
produced a SU-8 thickness of 500±8 µm. 
2.3.5 SU-8 Exposure 
The SU-8 coated stainless steel substrate was lithographically patterned at the 
Center for Advanced Microstructures and Devices (CAMD), an electron storage ring 
operating since 1993 and optimized for X-ray lithography (step 2, Figure 2-3). 
As explained in Section 2.3.1, in order to ensure a good quality exposure, two 
important requirements have to be met. The first requirement is that the minimum dose of 
energy absorbed in the exposed regions exceeds 20 J/cm3. This minimum absorption dose 
in exposed regions will allow complete cross-linking in the subsequent step of LIGA. 
The second requirement is that the side of the SU-8 which is located under the gold 
absorber does not exceed 0.05 J/cm3 the threshold dose value for SU-8.  
The total amount of radiation that needs to be applied to the sample can be 
calculated using available computer programs such as DoseSim. The code used in these 
programs incorporates models based on the law of absorption of radiant energy.  SU-8 
was exposed at CAMD with the XRLM-3 beamline, when the energy was 1.3 GeV. The 
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scan length was 2.5 inches, which was purposely set to a greater value than the lateral 
dimensions of the SU-8 resist in order to ensure full coverage of the mask. For a 
thickness of 500 µm, the required dose is 52 mA*min/cm. Therefore the total dose was 
330 mA*min for 2.5 inches of scan length and represented approximately 3.3 min of 
exposure for an average storage ring current of 100 mA. According to the computer 
program, the maximal dose absorbed under the Gold absorber is 0.017 J/cm3 which meets 
the second exposure requirement for SU-8. 
After exposure was completed the sample was sheltered from ambient light inside 
a container wrapped in aluminum foil. 
2.3.6 SU-8 Post Exposure Baking and Development 
Post exposure baking is essential to complete the cross-linking reaction within the 
SU-8 resist and critical to the ultimate quality of the microstructures [ 24] (step 3, Figure 
2-3). 
Therefore, the SU-8 coated substrate was placed in a convection oven preheated 
to 65°C. The temperature was first ramped up to 95°C, maintained at this value for 22 
minutes and then ramped down to 65°C. The reason for a gradual change in the 
surrounding temperature is to ensure that minimal internal stresses are created within the 
resist. Finally the sample was removed from the oven and allowed to cool to room 
temperature. 
Since SU-8 is a negative resist, the development consists in dissolving the regions 
that were unexposed to radiation during the X -Ray lithography step. The solvent used is 
NANO™ SU-8 Developer manufactured by MicroChem Corp. [ 24]. 
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Immersion time is a function of the thickness of resist. For a 500 µm sample 50 
minutes are sufficient. Subsequent soaking in isopropyl alcohol allows rinsing SU-8 
developer. It also allows visualizing the eventual presence of SU-8 residues which would 
be turned into a white color by isopropyl alcohol. If development were incomplete, the 
sample would directly be immersed again in NANO™ SU-8 Developer. Finally the 
sample is rinsed with de-ionized water and dehydrated at 80˚C in a convection oven for 
30 minutes. There is no longer the need to protect the sample from white light 
illumination. 
The developed sample is protected until the electroplating step. 
2.3.7 Nickel Electroplating 
Fundamentals of electrochemistry are beyond the scope of this dissertation and 
will not be covered. However, an overview covering principles of electroplating can be 
found in reference [ 37]. This section will only provide the electroplating procedure. 
2.3.7.1 Pre-electroplating Procedure 
Typically the sample has to be arranged prior to electroplating. Preparation 
involves I) anchoring an electrical connection to the substrate II) insulating the entire 
conductive surface of the substrate from the electroplating solution with the exception of 
the SU-8 holes III) vacuuming the air located in the SU-8 micro features. In order to 
eliminate leakage problems and simplify the sample preparation procedure, a sample 
holder and a vacuum plate have been designed and built. The corresponding pictures and 
description are supplied in Appendix B. The benefits from the sample holder are given as 
follows: 
1. Reliable electrical connection to the electroplating setup 
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2. Accurate control of the total plating surface area 
3. Adaptability to variable thickness of SU-8 coated substrates 
4. Use of electroplating masking tape is eliminated or minimal 
5. Vacuum is only applied to the top surface of the holder, in cavity where the sample 
is located. This reduces vacuuming time and eliminates the need for a voluminous 
vacuum vessel that would accommodate all the parts. 
After placing the SU-8 coated substrate into the holder, the outer surfaces of the 
assembly are cleaned with isopropyl alcohol in order to minimize further contamination 
of the plating bath. 
At this stage, the SU-8 patterns are filled with air, which is an obstacle to 
electroplating. In order to remove the air, the SU-8 sample located in the recess of the 
substrate holder is covered with a low surface tension solution made of 5 g/l of lauryl 
sulfate. Once the cavity is half filled with the solution and covered with the vacuum 
plate, the air trapped into the SU-8 holes is removed with a vacuum pump and replaced 
with lauryl sulfate solution. Applying 4 vacuum cycles instead of just 1 and shaking the 
holder can ease air removal significantly. 
2.3.7.2 Electroplating Procedure 
The electrolyte is a 6-liter Nickel sulfamate bath [ 3] composed of Nickel 
sulfamate and Boric acid with Lauryl sulfate sodium salt, a wetting agent, as single 
additive. The composition of the electroplating bath, which is given in Table 2-3, was 
optimized in order to minimize internal stresses within the range of current densities 




After filtering and setting the pH of the solution, the sample holder is placed into 
the bath carefully. The stainless steel substrate is the working electrode. A titanium 
basket filled with sulfurized Nickel noodles (and covered with a cotton pocket in order to 
prevent breakdown particles from depositing in the solution) serves as counter electrode. 
The connections are wired to a general-purpose potentiostat (Amel Instruments, Model 
2051). A transparent cover is placed onto the bath to prevent electrolyte evaporation 
during the electroplating process. 
 
Table 2-3: Composition of the Nickel sulfamate bath. 
Compound Formula Concentration (g/l) 
Nickel sulfamate OHNHSONi 2223 4)( ⋅ 450 
Boric acid H BO3 3  37.5 
Lauryl sulfate, sodium salt C H O SNa12 25 4  3 
 
 
Table 2-4: Nickel sulfamate electroplating conditions. 





55°C 4.0 300 RPM 1.6 µm 20 mA/cm2 Negative Galvanostatic 
 
Like in the case of gold electroplating, the total surface to electroplate is 3.16 
cm2. To keep the value of the current density to 20 mA/cm2, the electroplating current is 
set to 63 mA. By assuming a 100% efficient electroplating process, it is possible to relate 
the thickness h (in µm), time t (in minutes) and current density j (in mA/cm2) of the 
electroplated deposit using the relation t j h∗ = ∗47 61.  [ 37]. Therefore 20 hours is an 
estimation of the time necessary to fill the micro patterns (step 4, Figure 2-3). 
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After approximately 20 hours of electroplating, pure Nickel has filled the SU-8 
features. Then electroplated metal starts growing in all directions like mushrooms as 
shown in Figure 2-5 over the upper surface of SU-8. The over-plating process, which is 
inspected visually using a bore-scope, causes the area of the working electrode to 
increase. To maintain the current density to the desired value, the total current is 
gradually increased to the final value of 500 mA which corresponds to a surface area of 
25 cm2 (a 5 cm x 5 cm square). The electroplating process is sustained for six days in 
order to build over-plated material exceeding the thickness of 2.54 mm, the value set in 
the heat exchanger specifications (step 5, Figure 2-3). 
At the end of the electroforming process, the sample is removed from the holder 









2.3.8 Post Processing Steps 
The sample is processed to its final state according to the following two steps 
(step 6, Figure 2-3): 
2.3.8.1 Machining 
First, the electroplated part of the sample is carefully de-anchored from the 
stainless steel substrate. The SU-8 resist layer remains part of the sample in order to 
protect the microstructures. The over-plated layer of metal is machined by a skilled 
technician using a CNC milling machine. The overall thickness and lateral dimensions of 
the sample are reduced to the specifications of the heat exchanger. 
2.3.8.2 SU-8 Removal 
Exposed and post baked SU-8 resist is extremely difficult to strip [ 24]. At this 
stage, pyrolysis is the only SU-8 removal method found to be successful. In order to this, 
the electroplated sample was placed in an oven. The temperature was ramped from 25ºC 
to 500ºC, maintained at 500ºC for one hour and then ramped down to 25ºC. 
Pictures and measurements of the sample were taken. Results are presented in the 
next section. 
2.4 Results 
Pictures of the Nickel micro pin fin heat exchanger have been produced with a 
stereo microscope. Figure 2-6 and Figure 2-7 show respectively an overall and detailed 
view of the micro posts. Figure 2-8 displays a 3-D tilted view of the microstructures. 
Using a Nikon optical microscope, the height, diameter and spacing of the micro 
post have been measured. The overall dimensions of the sample found using a 
micrometer and a digital caliper are compiled in Table 2-5. Relative roughness (based on 
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the hydraulic diameter of the micro channel which is twice the height) is estimated to be 
lower than 0.001. 
 
Table 2-5: Final dimensions of the flat micro pin fin heat exchanger 











Dimension (µm) 500 500 1250 1250 2540 









Figure 2-7: Detailed view of the Nickel microstructures 
 
 
Figure 2-8: 3-D tilted view of the Nickel microstructures 
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CHAPTER 3 : EXPERIMENTAL STUDY OF THE FLAT 
METAL MICRO HEAT EXCHANGER 
The manufactured heat exchanger described in Chapter 2 and a similar heat 
exchanger without the micro posts (or smooth channel) were used in a test procedure. 
The experimental results from the smooth channel configuration allowed validating the 
reliability of the testing apparatus and were used to estimate the enhancement due to the 
presence of the posts. Experiments at Reynolds numbers from 4,000 to 20,000 were 
conducted with air as a coolant. 
3.1 Experimental Apparatus Design 
The desired heat exchanger configuration depicted in Figure 2-1, lead to the 
design and construction of an experimental apparatus. 
3.1.1 Important Design Aspects 
The experimental apparatus has to deliver a coolant flow to the 500 µm tall heat 
exchanger and a given heat flux to the top surface. A modular jig permitting swapping 
the different heat exchangers to be tested was conceived. The lower half of the jig guides 
the coolant flow into channel of different heights and includes a recess housing the lower 
plate composing the heat exchanger. The upper half of the jig is a cover plate that 
includes the heating block and a recess allowing accurate positioning of the heat 
exchanger in the right location. 
The important parameters of the design, shown in the AutoCAD drawings 
provided in Appendix C, are listed as follows: 
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• The velocity profile of the coolant entering the heat exchanger has to be fully 
developed.  A 500 µm channel with enough hydrodynamic development length (30 
times the hydraulic diameter [ 28]) is included upstream from the heat exchanger 
section. A 500 µm channel with enough length (18 times the hydraulic diameter [ 
7]) was also added downstream from the heat exchanger to minimize exit effects. 
• Heat leakage from the heating block into the upper half of the apparatus, other than 
the upper plate of the heat exchanger, and the ambient air have to be minimal and 
quantified. This aspect was solved by optimizing the material selection of the two 
solids, minimizing their contact surface area, and by using a layer of insulator 
around the heating block. Using a finite element model allowed estimating the rate 
of heat leakage. 
• The pressurized coolant should not leak through either the contact area between the 
heating block and the upper half of the apparatus, or through the contact area 
between the upper and lower half of the apparatus. An O-ring was used to seal the 
upper and lower half together. A special gasket described in the next section was 
used around the heating block. 
The material selection described in the next section was primordial to optimizing 
the design of the testing apparatus. 
3.1.2 Material Selection 
The apparatus is comprised of the following materials: 
3.1.2.1 Aluminum 6061-T6 
This metal was used to manufacture the heating block. The thermal conductivity 
is 165 W/mK [ 47], [ 22] and varies within ±10% as a function of temperature during the 
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subsequent experiments. The high thermal conductivity value of this material allows the 
temperature gradients within the heating block to be low. As a consequence, Aluminum 
is ideal to conduct heat to the heat exchanger while maintaining low temperatures in the 
heating block. 
3.1.2.2 Virgin PEEK (PolyEtherEther-Ketone) 
PEEK is a high performance engineering thermoplastic used a lot in medical and 
electronic industries. It was chosen to manufacture the upper and lower body parts of the 
apparatus. It has excellent mechanical properties and withstands up to 480°F (250°C) 
which is greater than the highest temperature within the heating block. The thermal 
conductivity is 0.25 W/mK, a relatively low value which makes this material a good 
insulator and minimizes the heat leakage rate. 
3.1.2.3 SuperflexTM Clear RTV Silicone Adhesive sealant 
This silicone, purchased from Loctite Corp., was used as a sealant between the 
heating block and the upper part of the apparatus. Its low viscosity allows accurate 
positioning and a thin coating thickness while and its high heat capability allows 
withstanding the temperature of the heater block. 
3.1.2.4 Stainless Steel 316 
This metal was used to manufacture the lower plate used for both micro pin fin 
and parallel plate heat exchangers as well as the upper plate and shims used to create the 
parallel plate heat exchanger. The temperature dependant thermal conductivity is around 
13.5 W/mK and remains within ± 10 % [ 45] in the range of use. 
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3.1.2.5 Calsil (Calcium Silicate) 
This material was used to insulate the aluminum block from the ambient air. The 
thermal conductivity is as low 0.047 W/mK. 
3.1.3 Finite Element Analysis 
In order to predict the heat leakage rate from the heating block into the 
surrounding PEEK and Calsil materials, a finite element model solving the three 
dimensional steady state heat equation was performed on ANSYS 5.7. The maximal heat 
losses occur when the parallel plate heat exchanger without posts is tested at the lowest 
flow rate (Re=4000) because the thermal resistance between the aluminum block and the 
coolant reaches its highest value. As shown in the detailed analysis presented in 
Appendix D, for the range of Reynolds number tested (4000≤Re≤20000) the parallel 
plate heat exchanger experiments undergo heat losses from 5.5 to 10.5 %. 
Subsequently in this chapter, it will be seen that experimental results associated 
with the micro pin fin heat exchanger yield heating block temperatures equal to or lower 
than the lowest temperatures associated with the parallel plate heat exchanger. 
Consequently, for the pin fin heat exchanger, the thermal resistance to the coolant is 
lower meaning that the heat losses must be always lower than 5.5 %. 
3.1.4 Description of the Experimental Apparatus 
The heat exchanger is sandwiched between the lower and upper halves of the 
experimental apparatus, which are screwed together as depicted in Figure 3-1. After 
flowing through a pressure regulator and a filter, the coolant enters a 5 cm diameter and 2 
cm deep reservoir machined into one end of the lower half of the PEEK apparatus (Figure 
3-2) and flows through a channel with rectangular cross section (5.0 cm wide and 3.2 mm 
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high). The volumetric flow rate of the coolant is measured with a 2-25 SCFM (standard 
cubic foot per minute) range direct-reading spring-loaded flow meter. 
The channel height decreases to 500 µm (equal to the gap between the plates of 
the micro heat exchanger) a distance of 3.1 cm upstream of the entrance to the micro heat 
exchanger (Figure 3-2). Recesses in both the upper and lower halves of the experimental 
apparatus are machined to accommodate the thickness of both the upper and lower plates 
of the heat exchanger (Figure 3-2). These recesses allow the inner surfaces of the top and 
bottom plates of the heat exchanger to be flush with the upper and lower surfaces of the 
channel. 
Energy is transferred to the coolant through the upper surface of the heat 
exchanger which is tightly clamped to the bottom surface of the heating block.  A 100 µm 
thick layer of thermally conductive silicone paste (OMEGATHERM® 201 with thermal 
conductivity of 2.3 W/mK, from Omega Engineering Inc.) is used as a thermal joint at 
that interface in order to minimize the contact resistance. The energy is supplied by four 
120V-250W electric resistance cartridge heaters inserted into the aluminum block located 
directly above the heat exchanger (Figure 3-1). The total electrical power can be varied 
using a potentiometer and monitored using a digital wattmeter/multimeter (Model 
380660 from Extech Instruments). The cross section of the heating block increases from 
4.83 cm by 4.83 cm in the upper side to 5 cm by 5 cm in the lower side to match the top 
surface of the heat exchanger. The heaters are located within the block a sufficient 
distance from the heat exchangers to insure one dimensional conduction heat transfer 
within the block.  In addition, the aluminum block is insulated to ensure that a very large 
percentage of the electrical energy is transferred to the coolant. 
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The 500 µm height of the channel remains constant through the longitudinal span 
of micro heat exchanger until 3.8 mm downstream of the heat exchanger (Figure 3-2). At 
this point the height of the flow channel increases again to 3.2 mm before emptying into a 
downstream reservoir with same dimensions as the upstream reservoir. 
The inlet and exit temperatures of the coolant can be measured by thermocouples 
located, respectively, in the upstream and downstream reservoir. Thermocouple 
measurements can also be taken at two elevations within the aluminum block that houses 
the heaters as shown in Figure 3-1. All the thermocouples are connected to a handheld 
digital thermometer via a multi-point switchbox, which allows 6 inputs at the same time. 
Pressure taps located 1.3 cm upstream and downstream of the heat exchanger provide the 
static pressure drop. The pressure difference between the taps is quantified using a 
differential pressure transducer coupled to a strain gage meter. The upstream and 
downstream reservoir gage pressures as well as the upstream tap gage pressure are 
measured using spring loaded pressure gages. 
3.2 Experimental Procedure 
A series of experiments were conducted with both the pin fin heat exchanger and 
the parallel plate heat exchanger with compressed air used as a coolant. Results were 
obtained as a function of volumetric flow rate corresponding to a range of Reynolds 
numbers from 4,000 to 20,000. Each flow rate was set and maintained to the desired 
value using the pressure regulator. 
As for the heat transfer experiments, at each flow rate, the output power from the 
four resistance heaters was set to approximately 100 Watts by adjusting power with the 
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Therefore, a constant flux boundary condition was produced through the top 
surface of the heat exchangers. 
For a given heat exchanger configuration, flow rate, pressure and temperature 
data acquisition was executed after steady state conditions were attained (at steady state, 
the monitored temperature at center of the heating block becomes constant). The 
pressures and temperatures of the coolant were recorded in all instrumented locations 
mentioned in the previous section. 
Thermocouple measurements were taken at two elevations within the aluminum 
block. These measurements are used to quantify the flux through the top plate. It is noted 
that only the temperatures at the center of the heating block were recorded for the reasons 
that follow. The two extreme temperature distributions within the heater correspond to 
the case where the flow rate is highest with the micro pin fin heat exchanger (case 1) and 
the case where the flow rate is lowest with parallel plates (case 2). In both cases the 
temperatures in the block at the highest elevation (elevation 2) were constant within 
±0.2ºC (±0.5%). At the lowest elevation (elevation 1), they increase linearly by a rate of 
0.3ºC/cm but the center value represents the arithmetic average temperature. At elevation 
1 the temperature varies in the spanwise direction from the center of the block outward 
by 0.3ºC/cm for case 1 and 0.2ºC/cm for case 2. Therefore using the center temperature 
value at elevation 1 approximates the average temperature by ±0.5ºC (±1.0%). As a 
conclusion, when using the center block temperatures, the approximation leads to a 
systematic error lower than 1.0% for both elevations and allows reducing the 
experimenting time by a factor of 9. 
When it comes to pressure loss experiments, the data acquisition procedure is 
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similar to above, except that all temperatures and pressures of the coolant were recorded 
adiabatically (without any heat flux). For that reason, the temperatures within the heating 
block were not recorded. 
3.3 Data Reduction 
Positions where pressure and temperature are measured in the upstream and 
downstream reservoir are respectively labeled locations (1) and (4). The pressure taps 
situated 1.3 cm upstream and downstream from the heat exchanger are respectively 
labeled locations (2) and (3). 
In the heat exchanger, the properties of the coolant such as specific heat Cp, 
density ρ, thermal conductivity k and dynamic viscosity µ are evaluated at the film 










Tw is the temperature of the top plate at the coolant-plate interface. This value is 
determined indirectly with the method explained further in Section 3.3.2.2. 
Tb, the bulk temperature of the coolant, is approximated as shown in Equation 3-2 
by the arithmetic average of T2 and T3-tot, which are respectively the coolant static 
temperature at the inlet and the coolant total temperature at the exit of the heat exchanger. 
T3-tot is defined as the sum of the static temperature T3 at the outlet of the heat exchanger 
and the dynamic temperature change through the heat exchanger as written in Equation 















The choice of T3-tot versus T3 for the calculation of Tb can be justified two 
different ways: 
• The first way is modeled in Appendix E with the case of highest coolant flow rate in 
the case of the pin fin heat exchanger where kinetic energy effects are greatest 
(since the velocity change through the heat exchanger is the greatest). It can be 
qualitatively seen that the actual changes of bulk temperature can be better 
approximated by the changes in total temperature than by a linear variation from T2 
to T3.  
• The second way to explain the use of T3-tot versus T3 is related to the fact that the 
heat exchangers transfer energy into the coolant not only in the form of internal 
energy but also in the form of kinetic energy. In the subsequent calculations of the 
convective heat transfer coefficient, the only way to account for the increase in 
kinetic energy is to use total temperatures instead of static temperatures. 
Note can be made that Chyu’s studies, which involve the naphthalene sublimation 
technique and the heat/mass transfer analogy, do not face effects analogue to the kinetic 
energy effects of the present study because naphthalene bulk densities do not vary much. 




T2 the inlet temperature of the coolant differs from T1, due to kinetic energy 
effects. Equation 3-4 is found by applying the first law of thermodynamics at steady state 
conditions between locations (1) and (2) in the absence of dissipative effects. h and m&  










 −+− VVhhm&  
Equation 3-4 
Equation 3-5 and Equation 3-6 are derived by using the assumptions that air is an 
ideal gas characterized by the constant R and the fact that Cp is unvarying. 










Admitting that V2 is much larger than V1, since the cross sectional area of the flow 
at location A1 is a relatively large compared to location A2, combining Equation 3-4 
through Equation 3-6 and solving for T2 yield Equation 3-7: 




































Using the same steps as above between locations (3) and (4) yields Equation 3-8. 
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Note is made that P3 is equal to P2-∆P23, ∆P23 being the pressure drop measured 
between locations (2) and (3). In addition, the mass flow rate m& is the product of 
volumetric flow rate V& in SCFM read directly on the flowmeter and the density of air ρo 
at standard conditions (pressure of 1 atmosphere and temperature of 70ºF). 
3.3.1 Reynolds Number 
The Reynolds number Re used herein and defined in Equation 3-9 is based on the 
average velocity V in the channel and the hydraulic diameter of the micro channel hD , 
which is twice the height H of the gap. 
µ
ρ hDV ⋅⋅=Re  with HDh ⋅= 2  
Equation 3-9 
Care must be taken when comparing results to studies from other authors. The 
hydraulic diameter is sometimes based on the pin diameter and the maximum velocity 
Vmax which takes place where the cross sectional area is minimal (between columns of 
posts). Using the mass flow rate of coolant m&  and the maximal cross sectional area of the 









3.3.2 Convective Heat Transfer Coefficient and Nusselt Number 






Q is the total amount of heat transferred to the coolant and heatA  the surface area 
of the upper side of the heat exchanger, not the total wetted surface area actually 
available for heat transfer. Therefore heatA is the same for both tested heat exchangers. 
The average Nusselt number defined below customarily presents the convective 







In order to determine the heat transfer coefficient the unknowns Q and Tw have to 
be determined for each coolant, flow rate and heat exchanger configuration. 
3.3.2.1 Determination of Q 
Q can be easily determined by three different ways. First, it can be given by the 
reading on the wattmeter Qelectric, which corresponds to the heat provided by the heaters. 
Another way to determine Q is to use the temperatures measured above the heat 
exchanger at elevations (1) and (2), referred to as Tbot and Ttop in Figure 3-3. These 
temperatures, coupled with the known thermal conductivity of the metal kAl, cross section 
of the aluminum block Aheat and the distance between the two elevations dtop-bot, provide 
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the necessary inputs to Equation 3-13 to calculate the rate of heat transferred to the upper 










A final, rough method to calculate the energy supplied to the coolant is Equation 
3-14. However, at low Reynolds numbers of coolant, the volumetric flow rate is 
relatively small relative to the uncertainty of the measurement and this method becomes 
unreliable. 
( )14m TTCQ pconvection −⋅⋅= &   
Equation 3-14 
3.3.2.2 Determination of Tw 
The last unknown, Tw, is found using the following method. A one-dimensional 
series of thermal resistances connect the horizontal plane with thermocouple holes at 
elevation (1) and the coolant. The validity of the one-dimensional heat transfer model is 
verified in the finite element study presented in Appendix E. As depicted in Figure 3-3, 
this series consists of: 
• a conduction resistance through the aluminum RAl 
• a contact resistance at the heat exchanger/aluminum interface Rcontact through the 
thin layer of thermally conductive silicone paste 
• a conductive resistance through the Nickel (or Stainless steel) upper plate of the 
heat exchanger RNi (or RSS) 







































The first three of these resistances do not vary with flow rate and are summed in 

























lR ++= ) 
Equation 3-15 
RAl , Rcontact , RNi and RSS can be explicitly calculated from the conduction 
characteristic length l and the thermal conductivities k. Their values are respectively 3.4, 
4.3, 2.8 and 18.8 m2K/W*10-5. 
Since the value of Req is independent of flow rate, Equation 3-16 can be used to 




QTT ⋅−=  
Equation 3-16 
3.3.3 Pressure Loss and Friction Factor 
The friction factor in the heat exchanger is a non-dimensional definition of the 

















In the equation above, L represents the dimension of the channel in the 
streamwise direction. Some authors [ 34], [ 39], [ 40] also define the friction factor 
normalized by the number of rows of pins N using the maximum velocity in the channel 



















 Equation 3-18 
To calculate the value of ∆PHE, one must realize that the differential pressure ∆P23 
between the two pressure tap locations measured by the pressure transducer has three 
main components: 
1. ∆Pinlet: the inlet pressure drop associated with the frictional losses in the 1.3 cm long 
and 500 µm tall channel upstream from the heat exchanger. 
2. ∆PHE: the pressure drop corresponding to the frictional losses within the heat 
exchanger only. 
3. ∆Pexit: the exit pressure drop associated with the frictional losses in the 1.3 cm long 
and 500 µm tall channel downstream from the heat exchanger. 
The terms ∆Pinlet and ∆Pexit are identical in both heat exchanger configurations 
and have the same friction factor as in the smooth channel (parallel plate heat exchanger) 
configuration. The corresponding values are found by geometrical considerations and 
given in Equation 3-19. 






3.1 (parallel plate heat exchanger) 
Equation 3-19 
Finally ∆PHE can be calculated using Equation 3-20: 




3.4 Experimental Results and Uncertainty Analysis 
3.4.1 Experimental Results 
Raw data collected during the experiments is organized and provided in Table 3-1 
and Table 3-2 for the parallel plate heat exchanger. The data presented in Table 3-3 and 
Table 3-4 correspond to the micro pin fin heat exchanger. Repeatability for all the test 
runs is within 5%. 
 





















4.0 4.0 3.0 1.5 0 20.1 55.5 145.1 147.5 99 
8.0 12 10 4.7 4 18 37.9 86.7 89.1 102 
12.0 21 18 7.4 10 18 31.8 70.1 72.4 103 
16.0 33 30 9.7 19 18.2 28.7 61.2 63.5 103 
 















3 2.5 1 0.5 0 20.6 20.8 
5 5 3 1.5 0 20.6 20.8 
7 8 6 2.6 3 20.6 20.7 
9 12.5 10 3.8 5 20.5 20.6 
11 16 13 4.6 7.5 20.4 20.7 
13 21 17 5.6 11 20.5 20.7 
15 28 24 6.6 16.5 20.3 20.6 


























4 11 10 9.2 0 20.5 58.7 73.0 75.5 99 
8 31.5 30 25.6 4 20.3 40.4 46.6 49.0 98 
12 51 49 39 10 20.4 34.1 39.5 41.7 100 
16 67 65 46.3 19 20.6 31.5 36.9 39.2 100 
 















3 8.5 7.5 7.0 0 20.3 20.5 
5 15 14 12.5 0 20.0 21.1 
7 24 23 20.1 2 19.9 20.5 
9 34.5 33 27.9 4 19.9 20.4 
11 43 41 33.6 8 20.1 20.0 
13.5 59 56 43.2 12 20.1 19.7 
15.5 66 64 47.5 16.5 20.1 19.7 
 























0.0023 4206 12.5 18.2 53.6 134. 107 (108) 80 (81) 388 12.6 3.8 
0.0045 9114 6.2 14.3 34.2 76.2 107 (105) 90 (88) 760 27.1 4.2 
0.0068 14023 4.2 13.2 27 59.5 103 (100) 94 (91) 1014 37.2 4.2 





Table 3-6: Pressure loss results for the parallel plate heat exchanger 
m&  
(kg/s) 








f error f 
(%) 
0.0017 3693 16.7 19.3 19.4 0.3 0.026 39.6 
0.0028 6184 10 17.7 17.3 1 0.031 22.6 
0.004 8694 7.1 16.5 15.3 1.7 0.031 17.1 
0.0051 11209 5.6 15.7 14 2.5 0.032 14.3 
0.0062 13741 4.5 14.8 12.7 3.1 0.029 12.8 
0.0074 16260 3.8 14.5 12 3.7 0.029 11.8 
0.0085 18729 3.3 14.9 12.9 4.4 0.032 11.2 
0.0096 21195 2.9 15.3 13.6 5 0.032 10.8 
 























0.0023 4518 12.5 19.5 57.7 69 112 (113) 87 (87) 1265 44.7 4.2 
0.0045 9440 6.2 19.1 39.2 42.6 107 (109) 91 (93) 2830 104.9 5.5 
0.0068 14347 4.2 19.1 32.8 35.4 98 (98) 93 (93) 4094 154 6.8 
0.0091 19227 3.1 19.1 30 32.8 103 (103) 99 (99) 4702 177.8 7.4 
 
Table 3-8: Pressure loss results for the micro pin fin heat exchanger 
m&  
(kg/s) 








f error f 
(%) 
0.0017 3693 16.7 19.6 19.1 6.8 0.637 36.8 
0.0028 6172 10 18.9 17.6 12 0.485 23.1 
0.004 8675 7.1 18.6 14.9 19.2 0.491 17.5 
0.0051 11180 5.6 18.6 13.1 26.6 0.504 14.7 
0.0062 13695 4.5 18.7 11.4 32.1 0.47 13.1 
0.0076 16806 3.8 18.8 11.3 41.3 0.506 11.8 
0.0088 19303 3.3 18.7 11.1 45.2 0.471 11.2 
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3.4.2 Uncertainty Analysis 
In order to determine the accuracy (or uncertainty) of the final experimental 
results, an error analysis is performed. 
First, this error analysis requires knowledge of the fact that all primary 
experimental measurements are characterized by uncertainties related to the metering 
equipment. These uncertainties are usually provided by the manufacturer. The absolute 
uncertainties on the measured pressures, temperatures, volumetric flow rates and 
electrical wattage are summarized in Table 3-9. 
 












Absolute (±) 0.5 0.1 1.0 0.1 or 1.0 2.0 
 
In addition, the following quantities have been accounted for in the uncertainty 
calculation because of the reasons mentioned: 
• The thermal conductivities of the metals (their values were assumed constant even 
though they vary with temperature) 
• The height of the micro posts (the heights are almost identical) 
• The locations at which Tbot and Ttop are calculated (these locations are 1/16 inch 
diameter holes and not points) 




Based on the experimenter’s testing experience and literature survey data, 
intervals of confidence were specified for the quantities listed above as summarized in 
Table 3-10. 
 














Absolute (±) 1.0 9.0 10.0 15 25 794 
 
Furthermore, it is assumed that fixed errors are negligible and that there are no 
other sources of errors. 
According to the Kline and McClintock method [ 18], when an experimental 
results R is a function of independent variables x1, x2,…, xn , i.e. R=R(x1, x2, …, xn ), the 
uncertainty in the result wR is given as shown in Equation 3-21. The quantities w1, w2,…, 

















































The Kline and McClintock method was used to determine the uncertainty in the 
determination of Re, Nu and f in each heat exchanger configuration and coolant flow rate 
setting. The results are indicated in Table 3-5 through Table 3-8 under the columns error 
Re, error Nu and error f. 
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3.5 Results and Discussion 
Nusselt number and friction factor experimental results as a function of Reynolds 
number are plotted respectively in Figure 3-4 and Figure 3-5. As expected, the presence 
of the pin fins has a dramatic effect in both experiments. 
3.5.1 Heat Transfer Results 
From Table 3-5 and Table 3-7, it appears that the heat rate transferred to the 
coolant by convection Qconvection increases with Reynolds number and is always greater for 
the micro pin fin heat exchanger than the parallel plate heat exchanger at any given 
Reynolds number. The reason is the heat transfer resistance to the coolant decreases as 
the convective heat transfer coefficient increases and this effect is accompanied by a 
decrease in heat losses to the surroundings. For all experimental runs, more than 90% of 
the heat is transferred to the coolant by convection for both heat exchangers 
configurations except at the lowest flow rate in the case of the parallel plate heat 
exchanger, where only 81 % of the heat is transferred. However, at the lowest volumetric 
flow rate, the uncertainty of the measurement is relatively high (±12.5%). 
Additionally, for all the experimental runs the heat transferred by conduction to 
the top plate of the heat exchanger is very close to or greater than 100%. The explanation 
for values greater then 100% originates from two reasons: 
• the fact that the thermal conductivity of Aluminum was chosen constant, although it 
increases with temperature (the calculated value of Qconduction increases when the 
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• the fact that the thermocouples measure the temperatures Ttop and Tbot anywhere 
inside the 1/16 inch diameter holes located at elevation 1 and elevation 2. This 
creates uncertainties up to 17% in the distance between the two elevations which 
propagates into the calculation of Qconduction. 
In summary, especially for the pin fin micro heat exchanger but also for the 
parallel plate heat exchanger at higher flow rates, Qelectric= Qconduction= Qconvection. This 
conclusion validates the temperature measurements in both the aluminum heating block 
and the air coolant stream. Also, it validates the assumption that the average heat flux 
over the entire heating block is well represented by the measured heat flux at the center 
of the heating block. 
The Nusselt numbers plotted in Figure 3-4 are shown with error bars. According 
to the graph, the presence of the micro pin fins enhances the heat transfer by a factor of 
3.3 to 4 over the range of Reynolds number studied 4,000 to 20,000. Surface roughness 
effects have not been included in the analysis since the relative surface roughness is 
negligible. Figure 3-4 also displays experimental results from Kays & Crawford [ 31] for 
fully developed turbulent flow between parallel plates, constant heat rate and one side 
heated while the other is insulated as well as a correlation from Incropera & DeWitt [ 28] 
valid for turbulent fully developed flow in circular tubes (Equation 3-22). 
( ) ( )

















It appears that the experimental results for parallel plates are in very good 
agreement with the correlations from Incropera & DeWitt (3% to 8%) and the data from 
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Kays & Crawford (1% to 4%). This very good match corroborates the reliability of the 
experimental apparatus and the validity of the all heat transfer experimental data. Note is 
made that for turbulent flows, the convective heat transfer coefficient is the same whether 
one side of the heat exchanger is heated or both because the thermal boundary layer 
profile is similar. 
Furthermore, pin fin heat exchanger results are compared to Chyu’s correlation [ 
8] which corresponds to a heat transfer system in which the wetted surface is entirely 
isothermal and comprised of seven rows of posts with same array configuration as in the 
present study. The correlation shown in Equation 3-23 was adapted to the characteristic 
lengths used throughout this research. 
4.0583.0 PrRe645.0 ⋅⋅=Nu   000,30Re000,6 ≤≤  
Equation 3-23 
Within the range of Reynolds numbers common to the present study and Chyu’s, 
Nusselt numbers are in good agreement, within 10%, for Reynolds numbers greater than 
9,500. At a Reynolds number equal to 6,000, which is the lowest Reynolds number 
studied by Chyu, the difference in Nusselt numbers increases to 70%. 
The Nu-Re power correlation suggested for micro pin fin heat exchanger is given 
in Equation 3-24: 
4.0977.0 PrRe014.0 ⋅⋅=Nu   200,19Re500,4 ≤≤  
Equation 3-24 
3.5.2 Pressure Loss Results 
The experimental friction factors plotted in Figure 3-5 are shown with error bars. 
According to the graph, the presence of the micro pin fins increases the friction factor by 
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a factor of 20 to 15 over the range of Reynolds number studied. 
The correlation from Incropera & DeWitt [ 28] valid for turbulent fully developed 
flow in circular tubes is shown in Equation 3-25 and plotted in Figure 3-5. 
4/1Re316.0 ⋅=f   4102Re ⋅≤  
Equation 3-25 
It appears that the experimental results for parallel plates are within 15 % of 
agreement with the correlated data from Incropera & DeWitt for Reynolds numbers 
ranging from 6,200 to 19,000. Immediately outside of this range the discrepancies exceed 
20 %. Again, the very good match within a large range of Reynolds numbers confirms 
the reliability of the experimental apparatus and the validity of the pressure loss 
experimental data. 
In addition, pin fin heat exchanger results are compared to Chyu’s friction factor [ 
7] which is approximately 0.6 over the range of Reynolds numbers from 11,200 to 19,300 
once the characteristic lengths defined in this study are applied. The micro pin fin heat 
exchanger results are estimated to be within 30% of Chyu’s data. 
As a conclusion about heat transfer and pressure loss experiments, the 
experimental data is reliable, validated both by the results obtained with the parallel plate 
heat exchanger and by reasonable agreement with the pin fin heat exchanger results 
obtained by Chyu. 
3.5.3 Overall Thermal Performance 
As explained in Chapter 1 : Introduction, the performance of micro pin fin heat 
exchanger can only be assessed after including the penalty effects related to friction 
losses. The overall thermal performance parameter η as defined in Equation 1-2 was 
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calculated and plotted in Figure 3-6. 
According to the plot, at any Reynolds number η is strictly larger than 1.0 
meaning that the micro pin fin heat exchanger performance always exceeds the parallel 
plate counterpart. Since η increases (from 1.35 to 1.78) with increasing Reynolds 
numbers, the micro pin fin heat exchanger is best applied when mass flow rates of 
coolant are the largest. 
The logical continuation of this research would be to optimize the pin fin array 
configuration in order to produce the best performance. 
3.6 Model Prediction for Gas Turbine Blade Cooling 
The following model scenario is used to predict the cooling effectiveness of the 
flat micro heat exchanger. 
A heat exchanger consisting of a pin fin array identical to that described earlier 
covers a turbine blade airfoil. The outer surface (or shroud) of the airfoil is heated via 
radiation and convection by combustion gases at TG. The effective convection coefficient 
at the combustion gas-shroud interface is labeled as hexternal. Air from the compressor 
enters the micro heat exchanger at a temperature TC and pressure PC typical of modern 
gas turbine engines. The mass flow rate of coolant per unit depth and the specific heat are 
respectively 'm&  and Cp. The temperature of the coolant increases as the coolant travels 
through the heat exchanger. The effective convection coefficient heffective defined earlier as 
h in Section 3.3.2 couples the heat transfer between the shroud and the coolant. A 
schematic of the model is shown in Figure 3-7. 
In this model, one-dimensional conduction in the shroud and an adiabatic blade 
surface are assumed. An average overall heat transfer coefficient per unit width of the 
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An energy balance applied to the coolant using the first law of thermodynamics 
yields a differential equation integrated in Equation 3-27 as a function of Tcoolant(x). The 
use of thermal resistances yields Equation 3-28, which provides the temperature of the 




























By using Equation 1-1 with Tshroud(x) as TW the cooling effectiveness as a function 
of the downstream location x, ε(x), can be predicted.  
In a typical gas turbine TG, TC, PC and hexternal are respectively 2200 K, 700 K, 20 
atmospheres and 2500 W/m2K. By using heffective values from Table 3-7 (air cooled micro 
pin fin heat exchanger results), the cooling effectiveness is calculated at two distances 
x1= 1 cm and x2= 2 cm downstream from the coolant injection location. The MathCAD 




As shown in Table 3-11, the shroud temperature varies, as expected, with mass 
flow rate and the distance x from the coolant injection point.  If the shroud temperature at 
x1= 1.0 cm is chosen as the characteristic temperature of the shroud, then the analysis 
above provides cooling effectiveness values ranging from ε = 0.40 to ε = 0.72.  The 
optimal combination of mass flow rate and heat exchanger design is a function of 
















(K) ε(x1) ε(x2) 
0.085 2617 1013 1261 1593 1720 0.40 0.32 
0.172 5910 908 1087 1292 1418 0.61 0.52 
0.259 8602 862 1007 1163 1275 0.69 0.62 






































CHAPTER 4 : FABRICATION OF THE CURVED METAL 
MICRO HEAT EXCHANGER 
The traditional LIGA micromachining process was modified again in order to 
fabricate a curved micro heat exchanger. The heat exchanger consists of a Nickel shroud 
supported by an array of micro pin fins electroplated onto the outer surface of a stainless 
steel tube. The new process presented in this chapter involves bending a lithographically 
patterned sheet of PMMA to the shape of the tube as an electroplating template. 
4.1 Design Specifications 
The heat exchanger configuration is as depicted in Figure 4-1. The hot fluid is 
sent across the outer diameter of the shroud. Cooling access and exhaust features for the 
micro channel are included in the design. The cold fluid enters the micro channel from 
the inside of the tube through an array of holes drilled in the wall of the tube around the 
leading edge and leaves through a slot situated at the trailing edge of the shroud. An 
important design aspect is the presence of a sidewall at the longitudinal edges of the heat 
exchanger in order to enclose the flow from the leading to the trailing edge. It can be seen 
from the three-dimensional view depicted in Figure 4-2 that two symmetry planes 
characterize the heat exchanger. The first plane contains the symmetry axis of the tube, 
the leading and the trailing edge of the shroud. The second plane (referred as “mid-plane” 
subsequently in this dissertation) is orthogonal to the first plane and intersects the 
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The flow configuration shows that the shroud is characterized to two types of 
cooling: 
• Forced convection internal cooling in the micro channel 
• Impingement cooling against the inner surface of the shroud at the leading edge. 
Dimensional parameters of the heat exchanger are based on different reasons. 
Importantly, array arrangement, pin diameter and pin center-to-center spacing are 
parameters imposed by the available choice in X-ray masks at the time the heat 
exchanger was manufactured. Therefore these parameters are different from those 
associated with the flat metal heat exchanger. The choice of a PMMA thickness with a 
reasonable exposure time dictated the height of the micro pins, and consequently the 
channel height. The micro pin fin array built on the tube is characterized by the following 
dimensions: 
• Array arrangement: in-line 
• Pin diameter: 200 µm 
• Pin height: 500 µm 
• Streamwise pin center-to-center spacing: 1000 µm 
• Spanwise pin center-to-center spacing: 1000 µm 
The perimeter and longitudinal dimensions of the shroud are both 5.0 cm due the 
scanning length limitations of the X-ray exposure facility. As a consequence, the 
diameter and length of the tube are respectively set to 19.1 mm (¾ inch) and 12.1 cm (4¾ 
inch) in order to provide sufficient outer surface area to electroform the heat exchanger 
(5.0 cm by 5.0 cm). 
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The thickness values of the tube wall, channel sidewall and shroud were 
arbitrarily set to 1.6 mm (1/16 inch), 500 µm and 500 µm. The array dimensions of the 
bleed through-holes on the surface of the tube can be justified by the range of coolant 
mass flow rates of interest (from 0.001 to 0.01 kg/s) and are given as: 
• Hole diameter: 1.6 mm (1/16 inch) 
• Number of holes in the axial direction: 8 
• Center-to-center spacing in the axial direction: 6.4 mm (¼ inch) 
• Number of holes in the angular direction: 3 
• Center-to-center spacing in the angular direction: 30 degrees 
The parameters provided above can be optimized in order to improve the 
distribution of coolant (increase the number of holes, decrease their diameter, etc.) but 
this aspect is beyond the scope of this study. 
The choice of material is similar to the choice made for the flat metal heat 
exchanger. The shroud, channel side-walls and the array of pins are a continuous metal 
part made of pure electroplated Nickel. However, the ¾-inch diameter tube is made of 
stainless steel 316. 
The curved metal heat exchanger was produced using a procedure described in 
the following sections. 
4.2 Manufacturing Procedure (Modified LIGA on a Curved 
Surface) 
 
A new LIGA manufacturing procedure was developed in order to customize the 
flat micro pin heat exchanger to the shape of an outer tube. It was found at LSU [ 14],[ 
32],[ 37],[ 38] that clamping a free standing lithographically patterned sheet of PMMA 
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onto a planar or curved conductive substrate instead of establishing a chemical bond 
could give well-defined microstructures. This method, which leads to negligible plating 
under the PMMA template, was improved to include all the heat exchanger design 
specifications.  
The following subsections describe the steps of the procedure leading to the final 
product. 
4.2.1 Substrate Preparation 
The stainless steel 316 conductive substrate used to support the micro posts and 
the shroud was prepared before electroplating. Unlike the case of the flat metal heat 
exchanger, the metal substrate is part of the final product and a strong bond between the 
substrate and the electroformed micro posts is desired. The subsequent paragraphs 
provide a description of the steps guiding to an electroplating substrate with a chemically 
primed surface. 
4.2.1.1 First Machining Step 
A round bar of stainless steel 316 with a diameter greater than 19.1 mm (¾ inch) 
is ordered from a metal supplier and represents the starting point of the process. The bar 
is first bored with a 1.6 cm (5/8 inch) diameter through-hole turning the bar into a tube, 
and an array of 24 holes with 1/16 inch diameters (with the specifications given in 
Section 4.1) is drilled in the wall. Note is made that the outer diameter of the sample is 
maintained greater than 19.1 mm (¾ inch). The metal piece is cleaned with soap and tap 
water before the next step. 
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4.2.1.2 PMMA Filling 
This procedure will prevent the electrolyte from flowing into the hollow volume 
of the tube by leaking though the PMMA micro patterns and the 1/16 inch though holes 
located on the surface of the tube during the subsequent electroplating step. The hollow 
volume of the tube and the 1/16 inch through-holes are filled with liquid PMMA, which 
solidifies and can be dissolved at the end of the manufacturing process. 
The PMMA is first presented as a liquid mix of powdered PMMA and methyl 
methacrylate (MMA). Powedered PMMA and MMA can take several hours to dissolve 
but the amount of time may be reduced by increasing the temperature to 40ºC at the 
highest stirrer setting. Following that, benzoyl peroxide (BPO) and dimethyl aniline 
(DMA), respectively a hardener and a polymerization initiator, are added and thoroughly 
mixed. The final composition of the PMMA solution is provided in Table 4-1. 
 
Table 4-1: Composition of the PMMA solution 
Compound Formula Parts by weight 
Methyl methacrylate 
(MMA) 
( ) 3232 CHCOCHCCH =  85 
Poly(methyl methacrylate)
(Powdered PMMA) 
( )( )[ ]nCHCOCHCCH −− 3232  15 
Benzoil peroxide 
(BPO) 41014
OHC  1.5 
N,N-dimethyl-aniline 
(DMA) 
NHC 118  1.0 
 
The stainless steel tube is slipped vertically around a 1/8 inch diameter stainless 
steel threaded rod in such a way that the bottom end of the tube rests against a metal 
washer secured to the threaded rod with a nut. After approximately 10 minutes, some of 
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the PMMA mix is poured into the upper end of the tube, when the mix is viscous enough 
to harden as it flows outside of the tube through the array of holes. The inside of the tube 
may be replenished with the left over PMMA mix to ensure that it is filled completely. 
Finally, a washer is placed onto the top end of the tube and secured with a nut. 
The threaded rod, which is in electrical contact with the tube through the metal 
washers, will serve as an electrode connection during the electroplating process. 
4.2.1.3 Second Machining Step 
In order to remove the hardened PMMA bonded onto the outer surface of the tube 
and to reduce the outer diameter to 19.1 mm (¾ inch), the tube is machined using a lathe. 








Figure 4-3: Stainless steel substrate prior to surface treatment 
 
4.2.1.4 Surface Cleaning 
Since roughness increases the bond between electroformed structures and 
substrate, the surface can be polished with sand paper or sandblasted.  After immersing 
20 minutes in an ultrasonic bath filled with detergent, the sample is successively rinsed 
Washers & Nuts 1/8 inch Rod
Array of 1/16 inch Hole
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with tap water, de-ionized water, and isopropyl alcohol. Absolutely no acetone can be 
used otherwise it would dissolve the PMMA filler. 
4.2.1.5 Wood Strike and C-12 Activator 
A 4 µm thick layer of strongly adhesive Nickel is electroplated onto the surface of 
the stainless steel using the Wood strike bath [ 35]. The presence of the 4 µm thick layer 
of Nickel allows to increase the bond strength between the posts and the substrate. 
The strong oxide layer located on the stainless steel passivates the surface and has 
to be removed using the original C-12 Activator (from Puma Chemical [ 26]). The 
substrate which represents the working electrode is placed in a C-12 activator bath of 
composition provided in Table 4-2. During 1 minute, using a general-purpose 
potentiostat (as in Section 2.3.7), a voltage difference of -2.0 V is applied between the 
working electrode and a stainless steel plate, which serves as counter electrode. 
Note is made that the potentiostat can only apply a constant voltage difference 
between the working electrode and the reference electrode. Therefore, as advised by the 
manufacturer of the potentiostat, the reference electrode is wired to the counter electrode 
through a 1,000 Ω resistance. 
After the activation process, the sample is immersed directly without rinsing into 
a Wood strike bath of composition given in Table 4-3. The sample is treated 6 minutes 
with the bath operating conditions described in Table 4-4 with a Nickel foil as counter 
electrode. In order to dissolve the abundantly generated hydrogen at the working 
electrode surface, agitation is maintained as high as possible. 





Table 4-2: Composition of the C-12 activator solution [ 26] 
Compound Concentration (% per vol) 
Concentrated C-12 activator 2.5 
De-ionized water 97.5 
Sulfuric acid ( 42SOH ) Set pH=1.5 
 
 
Table 4-3: Composition of the Wood strike bath [ 35] 
Compound Formula Concentration (g/l) 
Nickel chloride OHNiCl 22 6⋅  240 
Hydrochloric acid HCl  80 
 
 
Table 4-4: Wood strike bath operating conditions. 





21-27°C >600 RPM 1.6 µm 50 mA/cm2 Negative Galvanostatic 
 
 
Table 4-5: Composition of the “GG” developer and rinse solutions [ 36] 





( ) 332222 )( CHCHOCHOCHH  60 80 
Morpholine NOHC 94  20 0 
Ethanolamine 32232 )( CHCOCHCCH =  5 0 




4.2.2 PMMA Micro Patterning 
As mentioned earlier a free standing lithographically patterned sheet of PMMA 
needs to be created for further use as electroplating template. The lateral dimensions of 
the PMMA sheet, which was obtained from AIN Plastics Inc., are 5 cm by 5 cm square 
and the thickness 500 µm. The following sections depict the corresponding exposure and 
development procedures. 
4.2.2.1 Exposure 
The first requirement to ensure good quality PMMA exposure is that the 
minimum dose of energy absorbed in the exposed regions exceeds 3500 J/cm3 (as 
mentioned in Table 2-1). This minimum absorption dose in exposed regions will allow 
complete dissolution in the subsequent step of LIGA. The second exposure requirement, 
which differs from the case of SU-8 photo resist, is that the upper side of the PMMA 
which faces incident X-rays does not exceed the damaging dose of 20,000 J/cm3 (Table 
2-1). This side of the PMMA, due to the law of absorption, accumulates more energy 
than the opposite side where the energy accumulated is the lowest. In other words, the 
top to bottom absorbed dose radio for PMMA has to remain lower than 5.7. To reduce 
the difference in doses absorbed between one side and the other side of the PMMA, a 15 
µm Aluminum filter is used. The radiation dose needed for exposure was estimated using 
the DoseSim software. 
The PMMA exposure was done with the XRLM-3 beamline at CAMD, when the 
storage ring energy was 1.5 GeV. For a thickness of 500 µm, with a 15 µm Aluminum 
filter, the required dose was 2589 mA*min/cm. Since the scan length was 2 inches, which 
corresponds to the lateral dimensions of the PMMA, the total exposure dose was 13153 
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mA*min, which represents approximately 130 minutes of exposure for an average 
storage ring current of 100 mA. According to the computer program, the top to bottom 
absorbed dose ratio for the PMMA is 4.0, which meets the second exposure requirement 
for PMMA. 
4.2.2.2 Development 
The step subsequent to X-ray exposure is the development of the exposed regions 
in the PMMA, using the “GG” developer and the rinse solution [ 36]. The solution 
compositions are given in Table 4-5. The following procedure allows carrying out the 
development of the irradiated PMMA regions: 
• 40 minute immersion in the “GG” developer with medium agitation 
• 90 minutes immersion in the rinse solution with medium agitation 
• approximately 2 hour long immersion in de-ionized water 
Subsequent to development, the PMMA is patterned with an array of through 
holes. 
4.2.3 PMMA Wrapping Procedure  
The lithographically patterned PMMA sheet has to conform to the shape of the 
prepared stainless steel tube. Heating at a temperature of 155°C causes PMMA to 
become flexible. Therefore, a PMMA wrapping apparatus, simply consisting of a 19.1 
mm (¾ inch) in diameter temperature controlled aluminum cylinder was made to shape 
the PMMA to the desired geometry. A picture of the wrapping apparatus is shown in 
Figure 4-4 and the corresponding electric wiring diagram is similar to the one designed 




Figure 4-4: PMMA wrapping apparatus 
 




Solid State Relay 
On Heat Sink 
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 82
The wrapping procedure is done manually and requires using a particular kind of 
gloves. ThermaPreneTM gloves were chosen because they are excellent in protecting the 
hands against hot temperatures and because the layer of insulation is thin enough to 
ensure accurate handling of the PMMA around the heater cylinder using the fingers. 
Once the temperature controller display reads 155°C, the developed square sheet 
of PMMA, initially at room temperature, is carefully brought into contact with the 
cylinder [ 37]. The initial line of contact between the PMMA and the cylinder is a tangent 
to the cylinder and parallel to two sides of in the middle of the square PMMA sheet. 
Slowly the PMMA becomes flexible as its temperature increases. One half the PMMA is 
wrapped around the cylinder, then the other. Finally, the PMMA coated Aluminum 
cylinder is allowed to slowly cool to room temperature. The edges of the PMMA are 
pressed firmly onto the cylinder during the temperature decrease from 155°C to 120°C. 
The curved PMMA piece shown in Figure 4-5 is properly stored in order to 
prevent dirt or dust from entering and obstructing the micro patterns. 
4.2.4 Nickel Electroplating 
This section describes the preparation done prior electroplating and the actual 
electroplating step. 
4.2.4.1 Pre-electroplating Preparation 
The cylinder shaped PMMA part is positioned onto the metal stainless steel 
substrate, carefully aligned and clamped using three small size cable ties spaced evenly 
along the axial direction of the tube. 
Then, electroplating tape is applied in the areas where electroplating is not 
desired. In particular, masking is done at the trailing edge of the tube, over the surface 
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delimited by the longitudinal ends of the PMMA sheet. In order to allow Nickel growth 
for the micro channel side wall, care is taken in leaving tape-free space along the two 
other edges of the PMMA. This unmasked surface is purposely oversized but the final 
dimensions will be reduced later. A picture of the resulting prepared substrate is shown in 
Figure 4-6 and Figure 4-7. 
In order to eliminate Nickel passivation which is associated with the growth of a 
strong oxide over the surface of the 4 µm thick electroformed Nickel layer, the PMMA 
coated substrate is treated again with the C-12 activator. Care is taken in initially 
removing the air trapped inside the PMMA micro patterns. For this reason, the 
electroplating substrate is immersed into a C-12 activator bath located inside a vacuum 
vessel. Then air is removed with a vacuum pump using 4 cycles while shaking the vessel. 
The subsequent activation step is similar to the procedure in Section 4.2.1. 
A small amount of hydrogen usually remains trapped in the PMMA micro 
cavities due to hydrogen generation induced by C-12 activation. In order to clear the 
micro cavities from any gases, the activated electroplating substrate is immersed in a 5 
g/l lauryl sulfate solution and degassed by applying 4 vacuum cycles. 
4.2.4.2 Electroplating Procedure 
The electroplating procedure of the PMMA coated substrate is to a certain extent 
similar to the electroplating procedure used for making the flat heat exchanger. The 
electroplating bath is a Nickel sulfamate bath and is prepared in the same conditions 
(Table 2-3 and Table 2-4). However, due to the geometry of the working electrode, the 

















As a consequence, the counter electrode is a sulfurized Nickel filled titanium 
basket which completely surrounds the working electrode. Once the electrodes are 
connected to the potentiostat and the total current is programmed to match up a current 
density of 20 mA/cm2, electroplating is initiated. 
After 8 hours into the process, approximately 200 µm tall Nickel micro posts have 
been electroformed. Since their presence is enough to anchor the PMMA against the 
surface of the tube, the sample is taken out of the plating bath and the 3 cable ties are 
removed. 
Prior to re-immersion in the Nickel sulfamate electroplating bath, the sample is 
vacuumed into activator, activated, and vacuumed into the lauryl sulfate solution in the 
same manner as described earlier. The reason for this is to allow the holes previously 
obstructed by the cable ties to fill up with metal when electroplating is resumed. 
Electroplating is carried out with the same initial current until all the micro holes 
are filled and start to overplate. Then, as in the case of the flat metal heat exchanger, the 
total current is augmented due to the increase of metal surface area in order to maintain 
the current density as close to 20 mA/cm2 as possible. Sustaining the electroplating 
process for 5 days allows to electroform overplated Nickel exceeding the desired shroud 
thickness of 500 µm. 
At the end of this step, the sample is withdrawn from the solution and rinsed with 
tap water. 
4.2.5 Post Processing Steps 





After pealing the electroplating masking tape off, the two nuts are unscrewed in 
order to remove the washers and the threaded rod. The PMMA is not removed at this 
point as it provides protection to the microstructures. The sample is machined on a lathe 
in order to match the dimensions of the overplated layer of Nickel to desired values given 
in the specifications in Section 4.1. In particular, the outer diameter of the shroud is made 
to 21.05 mm and the thickness of the sidewalls is reduced to 500 µm. 
4.2.5.2 PMMA Removal 
In order to strip away the solidified PMMA filling the inside of the tube and the 
bent PMMA sheet situated in the micro channel, the sample is placed in a beaker filled 
with acetone. The container is immersed in an ultrasonic bath in order to accelerate 
dissolution of the polymer while acetone is completely refreshed approximately every 3 
hours. 
After the PMMA present inside the stainless steel tube has disappeared, one end 
of the stainless tube is capped while the other end is connected to a mechanical PTFE-
diaphragm pump head. The pump head is made of materials which permit transfer of 
aggressive organic solvents. Finally, a flow of acetone is pumped through the micro 
channel which ensures that absolutely all the PMMA has been removed from the heat 
exchanger. 
Pictures and measurements of the sample are presented in the next section. 
4.3 Results 
Pictures of a Nickel micro pin fin heat exchanger without side walls are provided 
because they offer better visibility of the micro posts present in the micro channel. 
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Figure 4-8 shows a cross section of the micro pin fin array on the surface of a 
stainless steel tube whereas Figure 4-9 depicts an overall view. Figure 4-10 which 
corresponds to a picture of the heat exchanger after it was sliced with a wire EDM 
machine, clearly shows the micro pin fins connecting the tube and the Nickel shroud. 
In addition, dimensions of the curved metal heat exchanger with side walls were 
taken. The outer diameter of the tube and the inner diameter of the shroud (which 
corresponds to the outer diameter of the bent PMMA after it is clamped) were measured 
before electroplating with a digital caliper. The diameter and axial spacing of the micro 
posts along with the other measurements are compiled in Table 4-6. 
It is emphasized at this point that the manufacturing technique described in this 
chapter is successful in building micro heat exchangers on convex surfaces only. This 
restriction is related to the fact that the micro patterned sheet of PMMA can only be 




Table 4-6: Final dimensions of the curved micro pin fin heat exchanger 







Dimension (mm) 19.05 20.05 0.2 1.0 




















Figure 4-9: Curved heat exchanger without side walls on a stainless steel tube (Overall 
view) 
























CHAPTER 5 : EXPERIMENTAL STUDY OF THE CURVED 
METAL MICRO HEAT EXCHANGER 
In order to estimate the performance of the curved metal heat exchanger described 
in Chapter 4, an aero-thermodynamic testing facility capable of producing high 
temperature and pressure gases was constructed. The tube heat exchanger was 
instrumented with thermocouples and tested according to the flow configuration created 
in the preliminary design. This chapter deals with the experimental aspects of the study. 
5.1 Experimental Facility 
A testing facility comprising a combustion chamber and a wind tunnel (burner 
rig) was designed by the “Aero Thermodynamic Facility senior design project team”, 
under the supervision of Dr. Ekkad and Dr. Acharya in the Department of Mechanical 
Engineering at LSU [ 48]. The experimental facility was constructed and installed in the 
LSU Engineering Annex building. 
Flow conditions in the movable test section correspond to gas temperatures and 
pressures able to respectively attain 1000°F (550°C) and 120 psi (8 atmospheres). A 
supply of compressed air with pressures varying from 190 to 280 psi (13 to 19 
atmospheres) is available for cooling the heat exchanger. 
5.1.1 Overall Description of the Burner Rig 
Gases with high temperature and pressure are created by the burning of fuel in 
compressed air rich environment inside a combustion chamber. 
 
 91
A compressed air supply system has been available in the LSU Engineering 
Annex for the past five years. Ambient air undergoes an increase in pressure using an 
Atlas Copco model GR110, 2 stage, rotary screw compressor which allows, according to 
the manufacturer, volumetric flow rates up to 475 ACFM at 290 psi (20 atmospheres). 
The compressed air is taken to a dew point -40ºF (-40ºC) and then filtered by a 
Pneumatech® model PS-500 Heatless Regenerative Desiccant type drier. Finally the 
dried and compressed air is stored in a 10 m3 tank. 
The fuel used for combustion is contained in a 25 gallon (95 liter) propane bottle. 
The volumetric flow rate of fuel is controlled using a compressed gas pressure regulator 
and monitored by a correlated flow meter from Cole Palmer Instruments (044-40ST tube 
with stainless steel float) joined with a calibration chart for propane. The fuel line is 
connected to the combustion chamber via a flashback arrester and check valve (AGA 
FR50) with the aim of protecting the propane tank from an accidental return of flame. 
The fuel and compressed air line are connected to the facility depicted in Figure 
5-1 and Figure 5-2. The following sections describe the components of the burner rig and 
their functions. The last section provides the material selection. 
5.1.1.1 Ball Valve (Label 1 in Figure 5-1) 
This hand operated ball valve (2-inch Watts Ball Valve) allows the facility to be 
totally disconnected from the compressed air storage tank when complete shutoff is 
desired. 
5.1.1.2 Air Pressure Regulating Valve (Label 2 in Figure 5-1) 
Uncontrolled variations in air pressure between the compressor and the facility 












































An air pressure regulating valve (Honeywell Braukmann D06G Valve), which 
was not included in the original senior project design, was added in order to maintain a 
constant air pressure. The values of the pressure exiting the regulator can range from 15 
to 130 psi (1 to 9 atmospheres). 
5.1.1.3 Meter Run (Label 3 in Figure 5-1) 
This segment consists of a 0.8284-inch (21.04 mm) diameter orifice plate 
clamped between two flanged meter tubes of 2-inch (5.08 cm) line size. The pressure and 
temperature of the fluid upstream from the orifice, as well as the pressure drop across the 
orifice are measured. The collected measurements along with the orifice flow calibration 
chart (pressure drop versus mass flow rate for a given upstream pressure and 
temperature) provided by the manufacturer Fluidic Techniques® allow to determine the 
corresponding mass flow rate of air. 
The length of the upstream and downstream meter tube, respectively 36 and 8 
inches (0.9 and 0.2 m) were advised by the manufacturer, in agreement with ASME and 
ISO recommended lengths. An appropriate length of pipe upstream and downstream from 
the orifice plate ensures that a fully developed velocity profile flow free of swirls and 
vortices enters the orifice and that exit effects are minimized. 
The metering run is a segment that was added to the original senior project design 
of the facility. 
5.1.1.4 Upstream Control Valve (Label 4 in Figure 5-1) 
This Fisher globe valve (2-inch ES Body) allows to reduce and adjust the pressure 
of the compressed air flowing downstream. The components of the valve are motioned 
using an actuator (Fisher model 667 size 45), a positioner (Fisher type 3582i pneumatic) 
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and a pressure controller (Fisher type 4160K). This control valve is connected to a 
control system including a process controller (Fisher-Rosemount DPR950) and a 
transmitter (Rosemount model 2088) which measures the pressure in the test section 
located downstream. 
This process controller can be used either 
• in automatic mode: to maintain a set pressure value in the test section 
• or in manual mode: to merely open and close the valve 
5.1.1.5 Combustion Chamber (Label 5 in Figure 5-1 and Figure 5-2) 
A lean mixture of compressed air and propane are combusted in an Allison 501K 
Can Combustor. An electrical spark plug is used in the beginning of the experiment in 
order to ignite the combustible mixture. In addition, a quartz window fireye located on 
the side of the combustion chamber allows the operator to monitor the presence of the 
flame. 
5.1.1.6 Nozzle (Label 6 in Figure 5-2) 
The nozzle is a duct section which connects the circular exit of the combustion 
chamber to the rectangular inlet of the test section. The shape of the nozzle is designed 
such that the temperature and velocity fields associated with the products of combustion 
flow become uniform. 
5.1.1.7 Test Section (Label 7 in Figure 5-2) 
The test section is the duct segment where the studied sample is placed and where 
hot gas flow conditions are monitored throughout the experiment. As mentioned earlier, 
the pressure is measured using a transmitter (Rosemount model 2088). The temperature is 
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measured using a 1/8 inch (3.2 mm) diameter type K thermocouple. A more detailed 
description of the test section is provided further in this chapter. 
5.1.1.8 Quenching System (Label 8 in Figure 5-2) 
This duct section allows the combustion gases to be cooled down when their 
temperature exceeds 800ºF (430ºC), the maximum temperature withstandable by the exit 
control valve situated immediately downstream. When the temperature of the gases is too 
high, ambient temperature water is injected into the hot gases though 16 spray nozzles 
located on the wall of the 2 foot (0.6 m) long and 4 inch (0.1 m) diameter duct. 
5.1.1.9 Downstream Control Valve (Label 9 in Figure 5-2) 
This Fisher ball valve (4-inch V300 Rotary Valve) is used to apply a back 
pressure in the test section and the combustion chamber. The components of the valve are 
motioned using an actuator (Fisher model 1052 size 40), a positioner (Fisher type 3620J 
pneumatic) and a pressure controller (Fisher type 4160K). This control valve is 
connected to a control system including a process controller (Fisher-Rosemount 
DPR950) and a transmitter (Rosemount model 2088) measuring the pressure at a location 
immediately upstream from the valve. This process controller is used in manual mode 
only. 
5.1.1.10 Exhaust Pipe (Label 10 in Figure 5-2) 
This piping section starts from the downstream control valve, turns 90 degrees in 
the vertical direction and goes outside through the roof of the building. The exhaust 




5.1.1.11 Material Selection 
The heated sections of the burner rig are made of L grade stainless steel 316 
which provides good welding capabilities at the manufacturing stage and good 
mechanical properties during operating conditions at elevated temperatures. The nuts and 
bolts are made of stainless steel 316 whereas the cool sections of the rig are made of 
simple carbon steel. 
All the components are bolted together and sealed using 3.2 mm (1/8 inch) thick 
flexible graphite sheets known under the name of Grafoil®. This gasketing material has 
reliable properties at elevated pressure and temperature. 
The next paragraph provides a detailed description of the test section. 
5.1.2 Description of the Test Section 
The test section is a 316 stainless steel flanged duct with inner lateral dimensions 
of 7.6 cm (3 inches) and 20.3 cm (8 inches) and with a stream wise dimension of 15.2 cm 
(6 inches). The sample is mounted through the flanged orifice located on the 7.6 cm long 
side as shown in Figure 5-3 and Figure 5-4. The orientation of the parts in the test section 
allows the heat exchanger to be present in the region of the hot mainstream flow where 
the velocity and temperature fields are uniform, away from the wall boundary layers. 
A pressure tap located on the side wall is connected to a pressure transmitter 
(Rosemount model 2088) and a 1/8-inch (3.2 mm) diameter thermocouple is inserted in 
the flow through a ¼-inch (6.4 mm) compression fitting mounted to the wall of the test 
section. 
Pipe thread sealant with Teflon® (item 567 from Loctite Corporation) is applied 



























Figure 5-4: External view of the burner rig test section 
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Teflon® prevents galling, a phenomenon which appears when stainless steel 
welds to itself due to the combination of large compression mounting forces within the 
threads and elevated temperatures. 
Note is made that a 1-inch (2.54 cm) stainless steel compression fitting was used 
prior to the installation of the flanged orifice currently welded to the side wall where the 
heat exchanger is inserted. The 1-inch compression fitting necessitated such a high 
mounting torque that intense forces were generated and galling problems occurred 
causing irreversible damage. 
5.1.3 Heat Exchanger Installation 
The manufactured heat exchanger is primarily instrumented with thermocouples. 
After the heat exchanger tube is mounted onto a supporting apparatus, the assembly is 
installed in the test section. Finally, the coolant piping and the thermocouple wires are 
respectively connected to a compressed air supply and the data acquisition system. 
5.1.3.1 Instrumentation of the Heat Exchanger 
Temperature measurements are necessary to calculate the cooling effectiveness of 
the heat exchanger. Type K Inconel sheath thermocouple wires with an outer diameter of 
500 µm (0.020 inch) were installed in the mid plane cross section of the tube by qualified 
HITEC Corporation technicians [ 20]. 
As shown in Figure 5-5, a total of eight thermocouples have been positioned at 
the following different locations: 
• Two thermocouples are located onto the inside surface of the stainless steel tube. 
Their positions are at 15 and 100 degrees from the leading edge. The reason for 
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using a small quantity of thermocouples is because the tube inner surface 
temperature is not included in the cooling effectiveness calculations. 
• Five thermocouples are imbedded inside the Nickel-plated shroud. Four of them are 
on one side of the sample, 30 degrees apart from each other, starting on the leading 
edge. The fourth thermocouple is symmetrically opposed to the 3rd thermocouple, 
on the other side of the sample, at -60 degrees. The usage of the fourth 
thermocouple will help verify that the temperature distribution in the shroud is 
symmetrical with respect to a mid plane containing the leading edge. 
• The eighth and last thermocouple is positioned at the trailing edge 1.3 mm (0.05 
inch) from the surface of the tube and captures the temperature of the coolant 
exiting the channel. 
The leading edge and trailing edge sides of the instrumented tube heat exchanger 
are shown in Figure 5-6 and Figure 5-7. All the thermocouples wires converge to the 
interior of the tube and exit the heat exchanger through the path used by the incoming 
compressed air. Figure 5-8 shows the thermocouple wires exiting tube heat exchanger. 
Since the exiting coolant mixes directly with the mainstream, a box shaped like a 
converging nozzle was added as shown in Figure 5-9. The presence of the box serves to 
confine the coolant exhaust around the thermocouple located at the trailing edge and also 
serves to isolate the coolant from the hot mainstream flow. The box is glued to the heat 
exchanger with high temperature metal adhesive (Durabond 954) purchased from 
























Figure 5-5: Location of the thermocouples on the curved heat exchanger 
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Figure 5-8: Thermocouple wires exiting tube heat exchanger 
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5.1.3.2 Installation of the Heat Exchanger in the Test Section 
As sketched in Figure 5-3 and shown in Figure 5-10, the heat exchanger is 
mounted onto a supporting system. The supporting system can be described as an 8-inch 
long and ¾-inch diameter schedule 80 pipe to which the following modifications were 
made: 
• A 1-¼” nominal pipe size 150 pound blind 304 stainless steel flange, matching the 
test section orifice flange, was drilled with a ¾-inch diameter hole, slipped around 
the ¾-inch diameter pipe and welded to it. 
• A ¾-inch tube compression fitting was welded to one end of the pipe. 
• ¾-inch NPT threads were machined to the other end of the pipe 
Once the thermocouple wires are passed all the way through the ¾-inch pipe, the 
heat exchanger tube is attached to the pipe by tightening the welded compression fitting. 
In order to completely seal the cavity inside the tube, the other extremity is closed using 
an end cap compression fitting, as depicted in Figure 5-9. Finally the heat exchanger 
support apparatus is inserted through the flanged orifice of the test section, the flanges 
are sealed with Grafoil® and tightened using nuts and bolts. 
5.1.3.3 Connection to a Compressed Air Supply and a Data Acquisition System 
The ¾-inch diameter flanged pipe which is attached to the heat exchanger and 
which extends through the wall of the test section provides access to both the 
thermocouple leads and the coolant path. In order to separate the thermocouple lead and 
the coolant entrance, a ¾-inch Tee is placed onto the threaded end of the pipe as shown 





Figure 5-9: Converging nozzle bonded to the trailing edge of the heat exchanger 
 
 
Figure 5-10: Heat exchanger supporting system 
 
















The compressed air supply, also used at the inlet of the burner rig, is connected to 
the Tee through a pressure regulator, a filter and a 2-25 SCFM (standard cubic foot per 
minute) range direct-reading spring-loaded flow meter. A 1/8-inch diameter type K 
thermocouple is located immediately upstream from the Tee and measures the 
temperature of the inlet coolant. 
The remaining port of the Tee brings the thermocouple wires to a pressurized 
compartment through a 3-foot (0.9 m) long flexible stainless steel hose. In order to access 
the thermocouple wires from the atmospheric pressure side of the compartment wall, a 
thermocouple feed-through is used. Pressure feed-throughs allow to penetrate a pressure 
barrier with electrical conductors while maintaining a tight pressure seal. The wires and 
the body of the feed-through are a pre-assembled hermetic unit manufactured by Douglas 
engineering Company upon the customer’s specifications. In the present case, the body is 
molded from a high temperature strength epoxy resin in a ¾-inch NPT connection with a 
total of 16 pairs of type K wires. 
The pressurized compartment was built in order to provide a large enough space 
to inter-connect the thermocouple wires from the heat exchanger and from the pressure 
feed-through. The compartment sketched in Figure 5-11 and photographed in Figure 5-12 
was made by welding a flange and a pipe end cap to either extremity of a 3 inch diameter 
and 4 inch long stainless steel pipe. The pressure feed-through NPT connection is 
screwed onto the blind flange which seals the compartment and the stainless steel flexible 






























































Finally, eight of the sixteen pairs of thermocouple wires are utilized and 
connected to the data acquisition board of a computer. 
The next section provides a description of the procedure followed in order to run 
the heat transfer experiments associated with the curved metal heat exchanger. 
5.2 Experimental Procedure 
Heat transfer experiments were performed on the curved metal heat exchanger in 
the aerodynamic facility using compressed air as coolant. For each mainstream gas 
temperature, specifically 200ºC, 300ºC and 400ºC, temperature measurements in the heat 
exchanger were conducted for coolant mass flow rates ranging from 1% to 4% of the 
mainstream gas mass flow rate. 
The data acquisition system which uses the software InstruNet (from Omega 
Engineering) was calibrated using a thermocouple simulator (Model CL300 Portable 
Thermocouple source, Omega Engineering). The eight inputs of the data acquisition 
board were connected to the thermocouples measuring respectively the mainstream gas 
temperature, the temperatures of the nickel shroud at 0, 30, 60 and 90 degrees, the 
temperatures on the stainless steel tube at 15 and 100 degrees and the exit temperature of 
the coolant. A handheld digital thermometer was also used to monitor the temperature of 
the air coolant flowing into the heat exchanger. 
Setting and maintaining the mainstream gas temperature and mass flow rate was 
achieved by adjusting the air pressure-regulating valve, the upstream control valve and 
the propane line pressure regulator. The temperature of the combustion gases was 
monitored using the thermocouple located in the test section and maintained within ±5%. 
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All the temperature data was recorded for each coolant mass flow rate until steady 
state was reached. The sequence in which the experiments were performed was such that 
the heat exchanger underwent increasing severe temperature conditions, in order to 
preserve the tested sample from eventual irreversible damage. This means that the 
experiments involving the lowest mainstream gas temperatures were completed first, and 
that for a given gas temperature, the coolant mass flow rates were tested in decreasing 
order. In addition, throughout all the experimental runs, the mass flow rate of compressed 
air feeding the combustor was held constant. 
The temperature of the nickel shroud at -60 degrees was measured occasionally 
and recorded separately. 
5.3 Data Reduction 
Given mainstream gas temperature and coolant mass flow rate conditions 
correspond to a series of temperature, pressure and volumetric flow rate measurements 
recorded at steady state. The combination of those experimental conditions can be 
characterized by non-dimensional parameters defined in Equation 5-1 and Equation 5-2 
as the coolant to mainstream gas temperature ratio TR and the coolant to mainstream gas 

















In Equation 5-1, CT  and GT are respectively the temperatures of the air coolant 
and the mainstream gases in degrees Kelvin. In Equation 5-2, Cm& and Gm&  are 
respectively the mass flow rate of air coolant and mainstream gases. The mass flow rate 
of combustion gases Gm&  is calculated using the law of conservation of mass applied to a 
control volume delimited by the combustor (Equation 5-3): 
opaneAirG mmm Pr&&& +=  
Equation 5-3 
If α denotes the ratio of opanemPr& , the mass flow rate of propane and Airm& , the mass 
flow rate of compressed air, Equation 5-3 can be rewritten as: 
( ) AirG mm && ⋅+= α1  
Equation 5-4 
It will be shown in Section 5.5 (Table 5-1 through Table 5-3) that α is much 
smaller than 1.0. Consequently Gm&  can be substituted with Airm& . Rearranging Equation 
5-2 by using the corresponding volumetric flow rates CV&  and AirV&  in SCFM (The 










The value of CV&  is obtained directly from the air coolant flow meter, whereas AirV&  
is calculated indirectly by combining the use of the pressure drop measurement across the 
orifice plate and the flow calibration chart associated with the meter run. 
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The experimental parameters can be reduced to a single pair of variables (TR, 
MR). The resulting temperature measurements are used to calculate the average cooling 
effectiveness of the curved heat exchanger as a function of (TR, MR). 
In order to determine the average temperature of the Nickel shroud TW, an 
arithmetic average of the temperatures T0, T30, T60 and T90 taken respectively at 0, 30, 60 






The value of TW obtained with Equation 5-6 is inserted in Equation 1-1 and the 
cooling effectiveness ε(TR, MR) can be determined. 
5.4 Experimental Results and Uncertainty Analysis 
5.4.1 Experimental Results 
Raw data collected during the experiments is organized and provided in Table 
5-1, Table 5-2 and Table 5-3. The tables respectively correspond to mainstream gas 
conditions of 200ºC, 300ºC and 400ºC. The quantities TSS15 and TSS100 refer to the 
temperatures of the stainless steel tube at 15 and 100 degrees from the leading edge 
whereas TC out refers to the exit temperature of the coolant. 
Experimental data presented from Table 5-1 though Table 5-3 was reduced with 
the equations described in Section 5.3. The MathCAD calculation sheets are available in 
Appendix I. The reduced heat transfer results for the curved metal heat exchanger are 






























4.0 362 0.5 70 78 82 76 63 82 26 83 205 
7.0 362 0.5 54 62 65 58 48 64 24 67 209 
10.7 362 0.5 46 53 56 48 39 53 23 56 210 
14.5 362 0.5 39 47 49 41 34 45 23 48 204 
 
 

























4.0 360 0.8 96 104 110 105 85 110 26 111 298 
7.0 360 0.8 75 82 87 81 64 86 25 90 303 
10.7 360 0.8 61 69 72 66 52 69 24 74 306 
14.5 358 0.8 53 61 64 56 44 59 24 65 307 
 
 

























4.0 357 1.1 128 137 145 141 114 146 28 150 392 
7.0 357 1.1 93 101 107 102 78 106 26 112 407 
11.0 355 1.1 75 83 88 81 61 84 25 91 408 





Table 5-4: Curved metal heat exchanger results  










ε error ε 
(%) 
1.60 0.2 1 12.5 0.2 77 0.72 0.9 
1.62 0.2 2 7.2 0.2 60 0.81 0.7 
1.63 0.2 3 4.7 0.2 51 0.85 0.7 
1.61 0.2 4 3.5 0.2 44 0.88 0.6 
1.91 0.2 1 12.5 0.4 104 0.71 0.6 
1.93 0.2 2 7.2 0.4 81 0.80 0.5 
1.95 0.2 3 4.7 0.4 67 0.85 0.4 
1.95 0.2 4 3.5 0.4 59 0.88 0.4 
2.21 0.2 1 12.5 0.6 138 0.70 0.5 
2.27 0.2 2 7.2 0.6 101 0.80 0.4 
2.28 0.2 3 4.7 0.6 82 0.85 0.3 
2.28 0.2 4 3.5 0.6 71 0.88 0.3 
 
5.4.2 Uncertainty Analysis 
In order to determine the uncertainty of the final experimental results, the Kline 
and McClintock method [ 18] described in Section 3.4.2 is used again. The measured 
experimental quantities CT , GT , T0, T30, T60, T90, CV&  and Airm&  are characterized by 
uncertainties related to the metering equipment and are summarized in Table 5-5. It is 
assumed that all other errors are negligible. 
The Kline and McClintock method was used to determine the uncertainty in the 
determination of TR, MR and ε in each heat exchanger configuration and coolant flow 
rate setting. The results are indicated in Table 5-4 under the columns error TR, error MR 












TG, T0, T30, T60, T90 
(ºC) 
Absolute (±) 0.5 0.7 0.1 2.0 
 
5.5 Results and Discussion 
Analysis of the data presented in Table 5-1 through Table 5-3, shows that both the 
temperature of the Nickel shroud and the temperature of the stainless steel tube vary as a 
function of the angular position from the leading edge of the heat exchanger. 
For any (MR,TR) combination, the Nickel shroud temperature increases from the 
leading edge through the angular locations 30 and 60 degrees and decreases at 90 
degrees. Even though locations at 0 and 30 degrees are submitted to the greatest heat flux 
from the mainstream gases, the corresponding temperatures are the lowest because these 
location benefit from impingement cooling. The continuous increase in temperature until 
the 60 degree angular location is due to the rise in temperature of the coolant. However, 
the Nickel shroud temperature declines at around 90 degrees because the external 
convective heat transfer coefficient associated with the flow of mainstream gases has 
decreased as a function of angular location and has become minimal (with a value 2 to 3 
times lower than at the leading edge [ 28]). 
All the temperature measurements made by the thermocouple situated at -60 
degrees on the Nickel shroud are at most 5ºC less than the temperatures measured at 60 
degrees. This indicates that the leading edge of the cylinder is not exactly at 0 degrees but 
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is slightly offset. This offset has very little impact on the cooling effectiveness 
calculations since it can only generate relative errors lower than 3%. 
On the other hand, the temperature of the stainless steel tube increases with 
angular location, the reason being attributed to the rise in coolant temperature. For any 
(MR,TR) combination, the temperature measurement at 100 degrees is slightly lower than 
the exit temperature of the coolant. It is safe and reasonable to assume that the 
temperature of the stainless steel tube is equal to the temperature of the coolant and, of 
course, lower than the temperature of the Nickel shroud at any given angular location. 
A plot of the cooling effectiveness versus TR and MR is provided in Figure 5-13 
with the error bars. It appears that the cooling effectiveness of the curved micro pin fin 
heat exchanger ranges from 0.70 to 0.88 for the different combinations of flow settings 
used. The cooling effectiveness increases with coolant to mainstream gas mass ratio, 
which was a predictable trend. 
Conversely, the effect of coolant to mainstream gas temperature ratio is very 
negligible, in particular as the coolant to mainstream gas mass ratio increases. 
Importantly, it is noted that the inlet temperature of the coolant as measured by 
the thermocouple underestimates the actual temperature of coolant entering the micro pin 
fin heat exchanger. This situation is due to the fact that the coolant flow is heated in the 
portion of piping located between the thermocouple location and the entrance holes to the 
micro channel. This causes all the calculated values of cooling effectiveness to be 
underestimated. If the inlet temperature of the coolant were assumed to be equal to the 
temperature of the stainless steel tube at the angular location of 15 degrees, the 
successive values taken by the cooling effectiveness would be respectively 0.91, 0.93, 
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0.94 and 0.95 for the coolant to mainstream gas mass ratio values of 1%, 2%, 3% and 
4%. 
In order to properly compare the curved micro pin fin heat exchanger to other 
cooling schemes, it is important to include the order of magnitude of the Reynolds 
number of the mainstream gases. The next section presents a model predicting the value 
of the cooling effectiveness of the micro pin fin heat exchanger in the case of a typical 
gas turbine. 
5.6 Cooling Effectiveness Prediction for a Typical Gas Turbine 
For aircraft engines, the Reynolds number of the mainstream gases based on 
leading edge diameter of the turbine blades ranges typically from 75,000 to 300,000 [ 11] 
and corresponding values of cooling effectiveness vary from 0.3 to 0.7 [ 33]. In the 
present study, the Reynolds number based on the diameter of the Nickel shroud and the 
maximal velocity in the tests section ranges from 8,600 to 10,500 which is the maximal 
range attainable using the compressed air supply system. 
In order to estimate the cooling effectiveness of the micro heat exchanger in real 
gas turbine flow conditions, a simple model has been created. The subscripts used herein 
are defined as follows: 
• external-rig: corresponds to the flow properties on the outer surface of the Nickel 
micro heat exchanger for burner rig experimental conditions 
• internal-rig: corresponds to the flow properties inside the Nickel micro heat 
exchanger for burner rig experimental conditions 
• external-turbine: corresponds to the flow properties on the outer surface of the 





















TR  ± 0.002
 





• internal-turbine: corresponds to the flow properties inside the Nickel micro heat 
exchanger for real gas turbine experimental conditions 
Using the schematic of thermal resistances for the turbine blade model in Chapter 
3 (Figure 3-7), one can see that q ′′ , the heat flux through the shroud of the heat 
exchanger, is equal to ( )WGrigexternal TTh −⋅−  and ( )CWrigernal TTh −⋅−int . 
According to the definition of the cooling effectiveness from Chapter 1 in the case 













A new relationship providing the cooling effectiveness rigε  is obtained by 













According to Incropera & DeWitt [ 28], the Nusselt numbers of the flow at 




turbineexternalturbineexternalturbineexternalNu −−− ⋅⋅=  
• and 3/1PrRe193.0
618.0
rigexternalrigexternalrigexternalNu −−− ⋅⋅=  

























After substituting the values of Reynolds numbers Re, Prandtl numbers Pr and 
thermal conductivity k in Equation 5-9, the calculation of the ratio r yields a value of 
37.4. 
The ratio p between the convective heat transfer coefficients of the flow inside the 
micro channel in real gas turbine and burner rig experimental conditions is given in 
Equation 5-10. One can notice that Equation 5-10 is simpler than Equation 5-9. The 
reason is because Reinternal-turbine=Reinternal-rig, which leads to the same correlation for the 


























The cooling effectiveness of the micro pin fin heat exchanger equivalent to 























Equation 5-8 can be re-arranged such that rigernalh −int is written as a function of 














int rigrigexternalrigernal hh ε
 
Equation 5-12 
Finally, rigernalh −int from Equation 5-12 is substituted into Equation 5-11 and 
rigexternalh − cancels out, leading to a simple relationship giving turbinegas−ε as a function of 




















A plot of turbinegas−ε  versus rigε  is shown in Figure 5-14. The predicted cooling 
effectiveness values of the micro pin fin heat exchanger in the case of a gas turbine range 
from 0.13 to 0.32 which are rather low values compared to typical cooling schemes. If 
the inlet temperature of the coolant were based on the temperature of the stainless steel 
tube at the angular location of 15 degrees, the cooling effectiveness values would be 
significantly greater, ranging from 0.39 to 0.55. 
It is reminded that the results derived above do not provide accurate values of 
cooling effectiveness but a prediction and that the pin fin array configuration of the 






























Figure 5-14: Cooling effectiveness in the case of a gas turbine as a function of the 










CHAPTER 6 : CONCLUSIONS AND UPCOMING 
RESEARCH GOALS 
This dissertation has successfully completed the following goals: 
• Micro heat exchangers, both flat and of cylindrical configurations, were 
manufactured according to pre-established design specifications. 
• An apparatus was fabricated to quantify the performance of micro pin fin array heat 
exchangers. Nusselt numbers and friction factors values over a range of Reynolds 
numbers from 4,500 to 19,500 were obtained. These values compare favorably with 
the results of Chyu [ 7],[ 8]. The suggested correlation for the Nusselt number is 
given below: 
  4.0977.0 PrRe014.0 ⋅⋅=Nu   200,19Re500,4 ≤≤  
• Tests were performed to determine the cooling effectiveness of a micro pin fin heat 
exchanger fabricated on a cylinder. Cooling effectiveness values ranging from 0.70 
to 0.88 were obtained for coolant to mainstream gas mass flow rate ratios ranging 
from 1% to 4% and for coolant to mainstream gas temperature ratios from 1.62 to 
2.26 at Reynolds number near 10,000. 
 Future work that should be completed is as follows: 
• Optimize the pin fin array geometry to maximize the overall thermal performance. 
• Perform experiments to accurately calculate cooling effectiveness values at 
Reynolds numbers approaching those typical within a gas turbine 
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NOMENCLATURE FOR APPENDIXES 
A2  Cross sectional area of the flow at the upstream pressure tap 
A3   Cross sectional area of the flow at the downstream pressure tap 
AChyu  Reference area used by Chyu to define the convective heat transfer 
  coefficient [ 8] 
Aheat  Reference area used to define the convective heat transfer coefficient 
Cp(T)  Specific heat of the coolant as a function of temperature  
CrossAreaFlow Maximal cross sectional area of the flow in the heat exchanger  
Dh  Hydraulic diameter ( PAc /4 ) 
Distancetopbot Distance between the higher and lower temperature locations in the 
heating block 
distanceAl   Distance between Tbot and the interface with heat exchanger 
distanceNi  Thickness of the top plate of the Nickel heat exchanger 
distanceSS  Thickness of the top plate of the Stainless steel heat exchanger 
Dpost  Diameter of the pin fins 
f  Friction factor of the heat exchanger 
fINCRO  Friction factor of the heat exchanger as correlated by Incropera & 
  DeWitt [ 28] 
heffective  Effective convective heat transfer coefficient corresponding to the 
micro pin fin heat exchanger 
Height  Height of the channel inside the heat exchanger 
Height2 Height of the channel upstream from the heat exchanger 
Height3 Height of the channel downstream from the heat exchanger 
hexternal Convective heat transfer coefficient at the shroud outer surface of the 
 curved heat exchanger 
hUHF Convective heat transfer coefficient for uniform heat flux boundary 
 conditions 
i  Counter used for vector computations 
j Counter used for vector computations 
k(T) Thermal conductivity of the coolant as a function of temperature 
kAl Thermal conductivity of Aluminum 
kNi Thermal conductivity of Nickel 
ksilicone Thermal conductivity of the thermally conductive silicone paste 
kSS Thermal conductivity of Stainless steel 
Length Streamwise dimension of the heat exchanger 
M2 Mach number of the coolant at the upstream pressure tap location 
M3 Mach number of the coolant at the downstream pressure tap location 
massflowrate Mass flow rate of coolant 
massflowrategase Mass flow rate of the mainstream hot gases 
MR Coolant to mainstream gas mass flow rate ratio 
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Npost Total amount of pin fins in the heat exchanger 
Nu Nusselt number of the coolant 
NuChyu Nusselt number of the coolant as correlated by Chyu [ 8] 
NuINCRO Nusselt number of the coolant as correlated by Incropera & DeWitt 
 [ 28] 
Num Number of data points 
NumberIntervals Amount of intervals used to subdivide the path of the coolant in the 
 streamwise dimension of the heat exchanger 
NuUHF Nusselt number of the coolant for uniform heat flux boundary 
 conditions 
P1 Gage pressure of the coolant in the entry reservoir   
P2 Gage pressure of the coolant in the upstream pressure tap location 
P3 Gage pressure of the coolant in the downstream pressure tap location 
P4 Gage pressure of the coolant in the exit reservoir  
Pb Bulk pressure of the coolant inside the heat exchanger  
Po Standard pressure 
Pr(T) Prandtl number of the coolant as a function of temperature 
Q Rate of heat transferred to the coolant  
Qconduction Rate of heat conducted to the top plate of the heat exchanger 
Qconvection Rate of heat transferred to the coolant by convection 
Qelectric Electric power dissipated in the cartridge heaters measured with the 
wattmeter 
QperLength Rate of heat transferred to the coolant per unit length 
R Ideal gas constant of the air coolant 
Re Reynolds number of the coolant 
Rthermal Summation of all the thermal resistances in series 
scfm Volumetric flow rate  
Spanwiseratio Pin spacing to diameter ratio in the spanwise direction 
T1 Temperature of the coolant in the entry reservoir 
T2 Temperature of the coolant at the upstream pressure tap location 
T3 Temperature of the coolant at the downstream pressure tap location 
T3total Total temperature of the coolant at the downstream pressure tap 
 location 
T4 Temperature of the coolant in the exit reservoir  
TapToTapLength Distance between the pressure tap locations  
Tb Bulk temperature of the coolant in the heat exchanger 
Tbconv Bulk temperature of the coolant (without units)  
Tblinear Bulk temperature of the coolant calculated with the liear temperature 
Tbot Temperature measured in the lower elevation of the heating block 
Tbstatic Bulk temperature of the coolant calculated with the static temperature 
Tbtotal Bulk temperature of the coolant calculated with the total temperature 
Tc Temperature of the coolant at the inlet of the curved heat exchanger 
tcontact Thickness of thermally conductive silicone paste applied 
Tcoolantxk Temperature of the coolant at the distance xk from the coolant 
 injection location in the curved heat exchanger 
Tconversion Factor used to remove units from temperatures (K-1) 
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Tdynamic Dynamic temperature of the coolant at a given streamwise location 
Tf Film temperature of the coolant in the heat exchanger 
Tfconv Film temperature of the coolant (without units) 
Tg Temperature of the hot mainstream gases 
Tlinear Linearized temperature profile of the static temperature of the coolant 
To Standard temperature  
TR Coolant to mainstream gas temperature rate ratio 
TRaveraged Average matrix of TR 
Tshroudxk Temperature of the shroud at the distance xk from the coolant injection 
 location in the curved heat exchanger 
Tstatic Static temperature of the coolant at a given streamwise location 
Ttop Temperature measured in the higher elevation of the heating block 
Ttotal Total temperature of the coolant at a given streamwise location 
Tw Average temperature at the flat heat exchanger-coolant interface or  
 average shroud temperature of the curved heat exchanger 
U Average overall heat transfer coefficient of the curved heat exchanger 
V2 Velocity of the coolant at the upstream pressure tap location 
V3  Velocity of the coolant at the downstream pressure tap location 
Vb Bulk velocity of the coolant in the heat exchanger  
volumetricrateco. Volumetric flow rate of coolant in the curved heat exchanger 
volumetricratega. Volumetric flow rate of hot mainstream gases 
Width Width of the channel  
xk Distance from the coolant injection location in the curved heat 
 exchanger 
∆KE Kinetic energy change of the coolant per unit length in a given interval 
∆P23 Differential pressure of the coolant measured between the pressure tap 
 locations 
∆PHE Pressure drop of the coolant across the heat exchanger 
∆TIE Static temperature change of the coolant in a given interval 
∆TKE Dynamic temperature change of the coolant in a given interval 
ε Average cooling effectiveness of the curved heat exchanger 
εxk Cooling effectiveness at the distance xk from the coolant injection 
location in the curved heat exchanger 
µ(T) Dynamic viscosity of the coolant as a function of temperature  
ρb Bulk density of the coolant in the heat exchanger  








APPENDIX A: X-RAY MASK AUTOCAD DRAWINGS 
 
 
The 500 µm disks have been approximated by overlapping 98 µm x 490 µm 
rectangles rotated 8 times with respect to their center. The following AutoCAD drawings 
show respectively: 
• the overall view of the staggered hole pattern 
















APPENDIX B:  THE ELECTROPLATING SUBSTRATE 
HOLDER 
The three parts composing the substrate holders are, the lower half, the upper half 
and the face gasket. As shown in Figure B- 1, the lower half is a 1.5 x 7 x 6 inch body 
made of polyetherimide (natural PEI Ultem) and machined with a 4.75 inch diameter 
recess. A stainless steel plate is screwed onto the bottom of the recess and connected to a 
1/8 inch diameter threaded stainless steel rod which extends to the outside. The threaded 

















PVC TubePEI Body 
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Figure B- 2 depicts the upper half of the holder and the face gasket. The shape of 
the upper half is complementary to the lower half so that one can fit into the other. To 
prevent leakage, two gaskets are applied to the protruding part of the upper half. One is 
imbedded into the outer surface and the other is placed onto the top face. Figure B- 3 
shows the sample holder mounted around a stainless steel electroplating substrate. The 
maximal substrate thickness is 12 mm. The maximal area available for electroplating is 











Figure B- 2: Upper half of the substrate holder and face gasket 
 
The jig shown on Figure B- 4 was manufactured to connect a vacuum pump to the 
recess located in the sample holder. It consists of a Plexiglas plate into which an O-ring 








positioned such that the O-ring is in contact with the upper half of the substrate holder 





















Figure B- 4: Vacuum jig for the substrate holder. 
Mounting Screws 
Upper & Lower 










APPENDIX C: DRAWINGS OF THE FLAT HEAT 
EXCHANGER EXPERIMENTAL APPARATUS 
 
 
The following pages show in order the AutoCAD drawings of: 
• The upper half of the apparatus 
• The lower half of the apparatus 













APPENDIX D: FINITE ELEMENT MODEL 
A three dimensional finite element model including the heating block used in the 
flat heat exchanger apparatus and the surrounding material was created with the software 
ANSYS 5.7. The model was used in order to predict the maximal heat leakage rate from 
the heating block into the surrounding PEEK and the insulation, which occurs in the 
testing of the parallel plate heat exchanger without posts. In addition, the 3-D finite 
element model allowed to verify the validity of the 1-D model used in Section 3.3.2.2 in 
order to estimate the average temperature of the coolant-heat exchanger interface. 
D.1 Description of the Model 
The geometry of the apparatus being symmetric with respect to a vertical mid-
plane in the streamwise direction of the flow, the model includes only half of the 
structure, as shown in Figure D-1 and Figure D-2. The thermal conductivities and 
dimensions of the material involved, namely PEEK, Calsil, Aluminum and Stainless 
Steel are as given in Section 3.1.2. The values of convective heat transfer coefficients are 
calculated from correlations provided by Incropera and DeWitt [ 28] in the case of 
turbulent, fully developed flow in tubes. 
ANSYS 5.7 modelizes the geometry of the problem as small elements 
characterized by constant properties. The problem solved for is the steady state heat 
























Equation D- 1 
The following subsections describe the types of boundary conditions used in the 
model. 
D.1.1 Convective Boundary Condition 
Equation D- 2 mathematically describes this condition which is specified by the 
value of the convection heat transfer coefficient h, and the average surrounding fluid 
temperature Tfluid. In Equation D- 2, xn is a coordinate corresponding to a vector normal 











Equation D- 2 
This type of boundary condition is present at the interface between the apparatus 
and the surrounding atmospheric air (Tfluid= To) as well as at the interface between the 
500 µm channel and the compressed air coolant (Tfluid= Tb). In the model, the increase of 
Tb throughout the micro channel is approximated by 3 average coolant temperatures. 
Each average coolant temperature characterizes one of the 3 regions (namely the 
upstream micro channel, the heat exchanger micro channel and the downstream micro 
channel) which arbitrarily subdivide the micro channel. 
D.1.2 Constant Heat Flux Boundary Condition 
This condition is specified by the value of the heat flux q” corresponding to the 
100 Watts dissipated by the cartridge heaters. In the model, the heat flux is applied to the 













Equation D- 3 
D.1.3 Adiabatic Boundary Condition 
This condition which is described by Equation D- 4 is applied to all the remaining 











Equation D- 4 
The boundary conditions in the case of the parallel plate heat exchanger without 
pin fins at the lowest coolant mass flow rate are indicated on the geometry of the model 
in Figure D-1 and Figure D-2. The convective heat transfer coefficient corresponding to 
each coolant Reynolds number in the micro channel are shown in Table D-1. 
D.2 Estimation of Heat Losses 
Heat losses into the PEEK and the insulation materials are maximal when the heat 
transfer resistance between the heating block and the coolant is the lowest, which occurs 
when the parallel heat exchanger is tested at the lowest coolant flow rate (Re=4,000). 
In order to estimate heat losses, the model presented in this Appendix was solved 
for both highest and lowest mass flow rates of coolant. Temperature contours are shown 
in Figure D-3 and Figure D-4. The heat flux going through the coolant-stainless steel 




The results for heat losses are summarized in Table D-1 and range from 5.5 to 
10.5 %. 
D.3 Verification of the 1-D Thermal Resistance Model in the 
Heating Block 
 
According to the 1-D thermal resistance model presented in Section 3.3.2.2, the 
temperature drop between the horizontal plane at elevation (1) in the heating block and 



















Therefore, using the dimensions and the material properties of stainless steel and 
aluminum, DT −∆ 1  =7.84ºC. 
For both lowest and highest coolant mass flow rates, the average temperature of 
the parallel plate heat exchanger-coolant interface (Tave) , the temperature at elevation (1) 
in the heating block (Tbot) and the difference between the temperatures ( ANSYST∆ ) were 
estimated using the ANSYS. According to the results, which are summarized in Table D-
2, the 1-D thermal resistance model approximates the 3-D ANSYS model with an 













































































Table D-1: Heat losses at the extreme coolant mass flow rates in the case of the parallel 






Heat leakage rate 
(%) 
4,000 420 18.2  /  34.9  /  51.5 10.5 




Table D-2: Comparison between 1-D model and ANSYS model at the extreme coolant 












4,000 115.96 123.57 7.84 7.61 3.0 





APPENDIX E: MATHCAD MODEL FOR ESTIMATING Tb 
Experimental Data :




T2 273.2 19.1( ) K Qelectric 100 W

















massflowrate scfm ρo. massflowrate 9.1 10 3. kg s 1.=  
 
 148
P3, flow cross sectional area, energy per unit length:



































2 xj xj 1
.
.
Temperature change ∆TIE corresponding to internal energy increase in each interval:
∆ TIEj
QperLength ∆ KEj xj xj 1
.
massflowrate Cp.
Temperature change ∆TKE equivalent to kinetic energy increase in each interval:
∆ TKEj
∆ KEj xj xj 1
.
massflowrate Cp.
Overal static temperature change corresponding to internal energy increase:
Sum∆ Tstatic
j




Overal dynamic temperature change equivalent to kinetic energy increase:
Sum∆ Tdynamic
j
∆ TKE j Sum∆ Tdynamic 6.96 K=
Static temperature Tstatic as a function of dowstream location:
Tstatic 0 T2
Tstatic j Tstatic j 1 ∆ TIEj
Dynamic temperature Tdynamic as a function of dowstream location:
Tdynamic 0 0 K (Consider V2 as reference velocity)
Tdynamic j Tdynamic j 1 ∆ TKE j
Total temperature Ttotal as a function of dowstream location:
Ttotal 0 Tstatic 0 Tdynamic 0
Ttotal j Tstatic j Tdynamic j
Linear temperature profile leading from T2 to T3:
Tlinear 0 Tstatic 0
Tlinear j Tlinear 0 xj
Tstatic NumberIntervals Tstatic 0
xNumberIntervals x0
.
Bulk temperature calculated using total temperature:
Tbtotal
Ttotal 0 Ttotal NumberIntervals
2
Tbtotal T2 5.52 K=
Bulk temperature calculated using linear temperature:
Tblinear
Tlinear 0 Tlinear NumberIntervals
2
Tblinear T2 2.04 K=






































































Plot of Tstatic, Tdynamic  and Ttotal as a function of dowstream location:  
 






























Notes: April 30th 2002








































































Coolant properties as a function of temperature:
Cp T( ) linterp Temperature_data Cp_data, T,( ) J
kg K.
µ T( ) linterp Temperature_data µ_data, T,( ) N sec
m2
.
k T( ) linterp Temperature_data k_data, T,( ) W
m K.












(this constant used later to remove the units from the temperature)
Geometric parameters:
Height 0.5 mm Height2 0.5 mm Height3 0.5 mm
Width 2 in
Length 2 in




hydraulic diameter, flow cross sectional area in the HE:
Dh 2 Height.
CrossAreaFlow Height Width.
density at standard conditions, mass flow rate:
ρo Po
R To.












flow cross sectional area, temperature and velocity at location 2:
A2 Width Height2.
T2




















flow cross sectional area, pressure, temperature and velocity at location 3
A3 Width Height3.
P3 P2 ∆ P23
T3
























bulk temperature, pressure, density and velocity:
Tb T2 T3
2
















pressure drop across the heat exchanger:















































Comparison between results and Incropera DeWitt Textbook:
Incropera's friction factor:









































































Notes: May 23rd 2002
Five 500 um-thick stainless shims are used as spacers





























































Coolant properties as a function of temperature:
Cp T( ) linterp Temperature_data Cp_data, T,( ) J
kg K.
µ T( ) linterp Temperature_data µ_data, T,( ) N sec
m2
.
k T( ) linterp Temperature_data k_data, T,( ) W
m K.


















(this constant is used later to remove the units from the temperature)
Geometric parameters:
Height 0.5 mm Height2 0.5 mm Height3 0.5 mm











hydraulic diameter, flow cross sectional area in the HE:
Dh 2 Height.
CrossAreaFlow Height Width.
reference area for heat transfer
Aheat Length Width.
density at standard conditions, mass flow rate:
ρo Po
R To.








flow cross sectional area, temperature and velocity at location 2:
A2 Width Height2.
T2






























flow cross sectional area, pressure, temperature and velocity at location 3
A3 Width Height3.
P3 P2 ∆ P23
T3



























total temperature at location 3 (location 2 is reference for velocity):
T3total T3 1
2 Cp.

























bulk temperature, film temperature:
Tb T2 T3total
2

















heat transferred by conduction to the top plate of the heat exchanger:














heat transferred by convection to the coolant:












convective heat transfer coefficient for uniform heat flux (UHF) at wall:
Q Qelectric
hUHF Qelectric









Nusselt number for UHF and Reynolds number:

























Comparison UHF results with Incropera DeWitt Textbook:
Incropera's friction factor and Nusselt number:



































Mach number at location 2:
M2 V2







Mach number at location 3:
M3 V3














Notes: May 10th 2002
Use the parallel plate pressure  experimental results from




















































































Coolant properties as a function of temperature:
Cp T( ) linterp Temperature_data Cp_data, T,( ) J
kg K.
µ T( ) linterp Temperature_data µ_data, T,( ) N sec
m2
.
k T( ) linterp Temperature_data k_data, T,( ) W
m K.












(this constant used later to remove the units from the temperature)
Geometric parameters:
Height 0.5 mm Height2 0.5 mm Height3 0.5 mm
Width 2 in
Length 2 in





hydraulic diameter, flow cross sectional area in the HE:
Dh 2 Height.
CrossAreaFlow Height Width.
density at standard conditions, mass flow rate:
ρo Po
R To.











flow cross sectional area, temperature and velocity at location 2:
A2 Width Height2.
T2



















flow cross sectional area, pressure, temperature and velocity at location 3:
A3 Width Height3.
P3 P2 ∆ P23
T3























bulk temperature, pressure, density and velocity:
Tb T2 T3
2















pressure drop per unit length in entry and exit channel:




CrossAreaFlow µ Tbconv i
.
∆ PchannelPerUnitLength i
linterp Rechannel ∆ Pchannel, Rei,
TapToTapLength
pressure drop across the heat exchanger:















































































Notes: May 10th 2002
Experiments done in the order 12,8,4,6 scfm





























































Coolant properties as a function of temperature:
Cp T( ) linterp Temperature_data Cp_data, T,( ) J
kg K.
µ T( ) linterp Temperature_data µ_data, T,( ) N sec
m2
.
k T( ) linterp Temperature_data k_data, T,( ) W
m K.






































hydraulic diameter, flow cross sectional area in the HE:
Dh 2 Height.
CrossAreaFlow Height Width.
reference area for heat transfer
Aheat Length Width.
density at standard conditions, mass flow rate:
ρo Po
R To.












flow cross sectional area, temperature and velocity at location 2:
A2 Width Height2.
T2



























flow cross sectional area, pressure, temperature and velocity at location 3:
A3 Width Height3.
P3 P2 ∆ P23
T3



























total temperature at location 3 (location 2 is reference for velocity):
T3total T3 1
2 Cp.





























bulk temperature, film temperature:
Tb T2 T3total
2














heat transferred by conduction to the top plate of the heat exchanger:














heat transferred by convection to the coolant:












convective heat transfer coefficient for uniform heat flux (UHF) at wall:
Q Qelectric
hUHF Qelectric









Nusselt number for UHF and Reynolds number:

























Comparison UHF results with Chyu (1999):
Chyu's actual reference heat transfer area:
AChyu Aheat Npost π. Dpost
2
4
. Npost π. Dpost. Height.
2
Chyu's Nusselt number using our length scales and surface reference:
(valid for 6,000<Re<30,000)
a 0.320 b 0.583 SpanwiseRatio 2.5































Mach number at location 2:
M2 V2







Mach number at location 3:
M3 V3










APPENDIX H: MATHCAD MODEL PREDICTION FOR 
GAS TURBINE BLADE COOLING 
Experimental Results of Nusselt number and Reynolds number:
Notes: Experiments done on May 10th 2002











Coolant properties as a function of temperature:
Cp T( ) linterp Temperature_data Cp_data, T,( ) J
kg K.
µ T( ) linterp Temperature_data µ_data, T,( ) N sec
m2
.
k T( ) linterp Temperature_data k_data, T,( ) W
m K.






x1 1 cm x3 3 cm
Tc 700 K x2 2 cm x4 4 cm
















hydaulic diameter, flow cross sectional area in the HE:
Dh 2 Height.
CrossAreaFlow Height Width.
convective heat transfer coefficient and mass flow rate of coolant:












































coolant temperature at various downstream locations:
Tcoolantx1 Tg Tg Tc( ) exp U x1
.







Tcoolantx2 Tg Tg Tc( ) exp U x2
.







Tcoolantx3 Tg Tg Tc( ) exp U x3
.







Tcoolantx4 Tg Tg Tc( ) exp U x4
.







Tcoolantx5 Tg Tg Tc( ) exp U x5
.
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